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ABSTRACT 

Khosla,  Narendra  Prakash.  Ph.D.,  Purdue  University,  August 
1978    Effect  of  Binder  Characteristics  on  Tensile  Properties 
of  Bituminous  Mixtures.   Major  Professor:   Prof.  W.H.  Goetz. 

Experiments  were  conducted  on  bituminous  mixtures  in 
indirect  tension  to  measure  tensile  properties  for  use  as 
indices  of  performance  of  mixtures  containing  conventional 
and  modified  binders  with  varying  temperature  susceptible 
characteristics.  The  tests  were  monitored  using  acoustic 
emission  techniques. 

Parameters  for  this  study  included  a  single  aggregate 
of  100  percent  crushed  limestone  at  one  gradation,  four 
binder  types,  eight  temperatures  and  variable  testing  speed. 
Regression  equations  are  presented  that  relate  significant 
variables  to  limiting  strain  and  limiting  stiffness. 

The  most  significant  parameter  in  this  study  is  temper- 
ature.  A  small  change  in  temperature  changes  the  limiting 
stiffness  much  more  than  a  similar  change  in  any  other  para- 
meter. 

The  results  provide  strong  evidence  to  support  the 
postulation  that  the  tensile  characteristics  of  a  bituminous 
mixture  can  be  controlled  by  controlling  the  characteristics 
of  the  binder.   In  this  regard,  this  study  utilized  three 
binders  with  nominal  penetration  grade  of  85-100  and  a  soft 


Xll 


binder  with  nominal  penetration  grade  of  200-250.   The  three 
85-100  penetration  grade  binders  included  a  highly  temperature 
susceptible  asphalt,  high  float  emulsion  residue  and  a 
partially  air  blown  asphalt.   The  results  show  that  the  soft 
asphalt,  in  comparison  with  all  of  the  85-100  penetration 
materials,  produces  lower  stiffness  values  of  mixtures  at 
low  as  well  as  at  high  temperatures.   Emulsif ication  and  air 
blowing  are  shown  to  be  very  viable  methods  for  improving 
the  temperature  susceptibility  of  asphalt  binders.   As 
compared  to  the  highly  temperature  susceptible  Canadian 
asphalt,  the  high  float  emulsion  residue  made  from  the 
Canadian  asphalt  and  the  partially  air  blown  asphalt  produce 
lower  stiffness  values  at  lower  temperatures  and  higher 
stiffness  values  at  higher  temperatures,  thus  providing 
improved  performance  at  both  ends  of  the  temperature  scale. 

Acoustic  emission  experiments  showed  that  this  tech- 
nique is  very  effective  in  detecting  crack  initiation  and 
is  useful  in  defining  the  failure  point  of  bituminous  mix- 
tures at  low  temperatures. 


INTRODUCTION 
Cracking  of  bituminous  pavements  is  a  serious  problem  in 
some  areas  today.   It  impairs  the  riding  quality  and  shortens 
the  life  of  the  pavement  thus  causing  increased  maintenance 
and  cost.   Often,  beginning  as  a  hairline  crack,  it  slowly 
extends  and  permits  the  ingress  of  water  which  in  turn  weakens 
the  underlying  layers,  thus  manifesting  itself  in  the  form  of 
a  structural  failure.   This  form  of  cracking  has  been  reported 
in  several  studies  (1,  2,  3,  4,  5,  6).   The  importance  of  the 
problem  has  further  been  demonstrated  (7,  8,  9)  by  an  attempt 
to  define,  observe,  and  correlate  factors  involved  therein. 
One  of  the  possible  solutions  is  to  use  softer  grades  of 
asphalt  and  modified  binders.   Failure  by  cracking  will  occur 
when  fatigue  capacity  of  the  material  is  exceeded  or  when 
strains  within  the  bituminous  concrete  exceed  some  limiting 
value  (10) .   Considerable  information  is  available  that 
enables  prediction  of  stress  field  within  the  mixture  from 
imposed  load  or  non-load  conditions.   Strain  response  for  the 
bitumen  to  imposed  load  can  be  calculated  by  using  stiffness 
values  generated  by  Van  der  Poel  (11,  12)  . 

Purpose 

Pavlovich  (16) ,  using  a  direct  tension  test,  has 
established  failure  criteria  for  different  conditions  of  time 


of  loading,  temperature  as  encountered  during  pavement  service, 
and  common  mixture  variables.   The  purpose  of  this  study  was 

to  determine  the  degree  to  which  the  tensile  characteristics 
of  a  bituminous  mixture  can  be  controlled  by  controlling  the 
characteristics  of  the  binder.   In  view  of  the  complexity  of 
direct  tension  testing  and  the  large  quantities  of  materials 
necessary  to  perform  these  tests,  there  appeared  to  be  a  need 
for  some  quick  and  easy  means  for  such  an  evaluation.   The 
tensile  splitting  test  is  considered  to  be  promising,  and  is 
a  comparatively  easy  and  efficient  test  method  with  which  to 
obtain  the  tensile  characteristics  of  bituminous  mixtures. 
From  a  theoretical  point  of  view,  the  tensile  splitting  test 
is  not  considered  to  be  as  sound  as  the  uniaxial  tension 
test.   For  the  tensile  splitting  test,  a  biaxial  state  of 
stress  is  assumed  in  the  calculations.   However,  because  of 
the  wide  application  and  popularity  of  the  tensile  splitting 
test,  an  attempt  was  made  to  correlate  the  tensile  properties 
as  measured  by  the  direct  tension  test  and  the  tensile 
splitting  test. 

Discs,  sawed  from  the  test  specimens  used  in  the  previous 
study  which  utilized  direct  tension  (16)  ,  were  subjected  to 
the  tensile  splitting  test.   These  tests  were  performed  on 
specimens  more  than  one  year  old.   It  was  determined  that 
due  to  the  age  hardening  of  the  discs  and  due  to  the  deg- 
radation of  aggregate  during  compaction  of  the  specimens, 
one  to  one  correlation  did  not  exist  between  the  tensile 
properties  as  measured  by  these  two  tests.   However,  enough 


correlation  did  exist  to  conclude  that  the  tensile  splitting 
test  measures  essentially  the  same  properties  as  the  direct 
tension  test.   Moreover,  unlike  the  tensile  splitting  test, 
direct  tension  test  results  had  a  large  variability.   In 
fact  the  coefficient  of  variation  of  the  data  in  direct 
tension  test  was  so  high  that  it  limited  the  evaluation  of 
some  important  factors  in  the  study.   It  was  against  this 
background  that  the  tension  splitting  test  was  selected  to 
determine  tensile  properties  for  use  as  the  indices  of 
performance  of  mixtures  containing  conventional  and  modified 
binders  with  varying  temperature  susceptible  characteristics. 

Review  of  Literature 

Cracking  of  bituminous  pavements  has  been  an  active 
topic  in  the  literature  since  1930.   Rader  (17) ,  Brown  and 
Steinbaugh  (18) ,  and  Busby  and  Rader  (19)  demonstrated  that 
the  mixture  should  be  designed  to  have  a  high  modulus  of 
rupture  to  ensure  adequate  tensile  strength  but  a  low  stiff- 
ness modulus  so  that  the  mixture  would  be  pliable  rather 
than  stiff  and  brittle.   It  has  been  emphasized  (17,  19,  20, 
21,  22)  that  the  use  of  softer  asphalt  cements  is  a  practical 
solution  to  the  problem  of  low  temperature  cracking. 

Hughes  and  Faris  (23)  conducted  laboratory  tests  to 
determine  deformation  as  related  to  asphalt  types.   Asphalt 
beams  were  made  to  fail  in  flexture  and  it  was  concluded  that, 
for  fast  rates  of  loading,  asphalt  source,  asphalt  penetration 
and  temperature  (below  32  F)  have  little  effect  on  deformation 


or  failure  strain.   Slow  rate  of  loading,  however,  showed 
that  source,  penetration,  and  temperature  have  an  effect. 
Van  der  Poel's  work  on  asphalts  (11,  12)  generally  supported 
these  findings  but  it  was  not  until  later  that  mixtures  were 
considered.   Vallerga  (24)  emphasized  the  need  for  relating 
properties  of  bituminous  mixtures  to  performance.   Hass  and 
Anderson  (25)  have  mentioned  the  following  as  the  possible 
causes  of  low  temperature  cracking: 

1.  An  exceeding  of  the  tensile  strength  or 
tolerable  strain  of  the  bituminous  surface  by  thermally  in- 
duced stresses  and  strains, 

a)  Without  considering  traffic  loads 

b)  Added  to  traffic  imposed  stresses  and  strains 

2.  Freezing,  cracking  and  shrinkage  of  the  sub- 
grade,  and  propagation  through  the  bituminous  surface. 

In  a  discussion  for  a  symposium  (7)  on  non-traffic  load 
associated  cracking  of  asphalt  pavements,  Hills  and  O'Brien 
provided  theoretical  equations  to  predict  the  temperature  at 
which  cracking  will  occur  for  a  bituminous  mixture  of  given 
tensile  strength  and  stiffness  modulus.   Methods  have  been 
developed  (13,  14,  15)  to  predict  stresses  and,  hence, 
strains  for  viscoelastic  systems. 

The  literature  contains  many  suggestions  and  methods  to 
determine  stiffness  of  a  bituminous  material  and  from  this 
to  predict  bituminous  mixture  stiffness.   Van  der  Poel's 
method  (12)  has  further  been  modified  by  Heukelom  and 
Klomp  (26)  and  Heukelom  (27)  to  estimate  mixture  stiffness 


as  a  function  of  bitumen  stiffness  from  the  following  semi- 
empirical  formula, 


S  .   (t,  T)  =  S,  ..  (t,  T) 
mix  bit 


1  +  2'5   °V 


n   1-Cv 


n 


where, 


S  .   =  stiffness  modulus  of  the  mixture  at  a  particular 
mix 

loading  time,  t  and  temperature,  T 

S,  .   =  stiffness  modulus  of  the  binder  for  the  same  t 
bit 

and  T 

.  „^  ,    4xl05 
n  =  0.8  3  log 


bit 


C   =  volume  concentration  of  the  aggregate, 

Volume  of  aggregate 

Volume  of  (aggregate  +  asphalt) 

100  -  %  VMA 
100  -  %  Air  Voids 

VMA  =  Voids  in  mineral  aggregate 

The  equation  was  originally  developed  for  well-compacted 
mixtures  with  about  3%  air  voids  and  Cv  values  between  about 
0.7  and  0.9.   For  mixtures  with  air  voids  greater  than  3%, 
a  "corrected"  C   value,  developed  by  Van  Draat  and  Sommer  (28) 
should  be  substituted. 

McLeod  (22)  has  suggested  a  method  for  finding  stiffness 
of  bitumens  and  bituminous  mixtures.   The  major  difference 
between  the  McLeod  and  the  Heukelom  method  is  that  McLeod 
has  presented  an  alternative  to  the  P.I.  (penetration  index) 
method  of  measuring  temperature  susceptibility  of  an  asphalt. 
McLeod  utilizes  a  Pen-Vis  number  which  is  based  on  the 


relationship  between  viscosity  at  275°F  and  penetration  at 
77  F.   Lefebvre  (29)  has  further  investigated  this  approach, 
using  a  number  of  Canadian  asphalts  and  has  recommended  its 
use.   McLeod  (22)  has  suggested  norms  for  eliminating  low 
temperature  pavement  cracking  and  has  proposed  the  limiting 
stiffness  value  of  5  x  10   psi  at  -40°F. 

Pavlovich  (16)  presented  the  effect  of  mixture  variables 
and  environmental  and  loading  conditions  on  limiting  tensile 
strain  values  as  determined  by  a  direct  tension  test.   High, 
as  well  as  low  viscosity  asphalt  cements  within  nominal 
penetration  grades  of  60  -  70,  85  -  100,  and  120  -  150  were 
used  as  binders  in  this  study;  one  of  the  striking  findings 
was  that  within  the  range  investigated,  asphalt  type  had  no 
effect  on  limiting  strain. 

Use  of  acoustic  emission  signals  has  been  recommended 
(31,  32,  33,  34)  as  a  technique  to  detect  cracking  in  metals. 
Pavlovich  (16)  has  further  demonstrated  its  usefulness  in 
the  determination  of  the  failure  of  bituminous  mixtures  at 
low  temperatures.   Acoustic  emission  signals  are  detected  by 
a  lead-zirconate-titanate  (PZT)  transducer.   The  signals  go 
to  a  pair  of  counters  that  record  the  rate  of  emission  and 
total  counts.   Plastic  limit  or  yield  point  is  accompanied 
by  a  peaking  of  count  rate  followed  by  immediate  decay. 
Failure  by  fracture  is  indicated  by  a  sharp  increase  in 
cumulative  counts.   Unfortunately,  the  use  of  acoustic 
emission  is  restricted  to  low  temperatures,  because  at 
elevated  temperatures  the  transmitted  wave  is  of  so  low  a 


strength  that  it  can  not  activate  the  transducer.   However, 
cracking  is  mainly  associated  with  low  temperature  conditions, 
and  hence  this  equipment  is  useful  in  this  region. 

Research  Approach 

One  of  the  main  reasons  for  bituminous  pavement  cracking 
is  its  brittle  behavior  at  low  temperatures  and/or  when  the 
asphalt  it  contains  becomes  hard.   Hardening  of  the  asphalt 
with  aging  or  use  of  asphalt  with  low  penetration  increases 
the  susceptibility  of  the  pavement  to  low  temperature  strain 
and  cracking.   Thus,  bituminous  paving  mixtures  exhibit 
both  plastic  and  elastic  properties  depending  on  the 
temperature  to  which  the  mixtures  are  subjected  and  the  vis- 
cosity of  the  asphalt  in  the  mixture.   In  the  past,  stability 
has  been  a  major  concern,  and  rightly  so.   However,  the 
importance  of  stability  often  has  been  overemphasized,  and 
asphaltic  mixtures  of  excessively  high  stability  have  been 
used.   Where  high  stability  was  obtained  at  the  expense  of 
pliancy  by  using  low  penetration  asphalt,  mixtures  frequently 
demonstrated  poor  resistance  to  cracking,  especially  at  low 
temperature.   At  present,  specifications  do  not  include  any 
criteria  for  controlling  the  behavior  of  asphaltic  mixtures 
at  low  temperature.   Resistance  to  cracking  should  be  a 
consideration  in  designing  paving  mixtures. 

The  above  review  of  the  literature  indicates  that  for 
satisfactory  performance  bituminous  mixtures  at  low  temperatures 
should  have  adequate  tensile  strength  and  a  low  stiffness 
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modulus,  accompanied  with  high  failure  strain.   The  need 
for  low  temperature  design  modifications  in  some  regions  was 
recognized  by  Rader  (17)  over  35  years  ago.   The  appreciation 
of  this  need  seems  to  have  lain  relatively  dormant  until  the 
markedly  increased  attention  given  to  low  temperature  cracking 
during  the  last  few  years.   Although,  based  on  field  studies 
in  Canada,  it  has  been  postulated  that  the  use  of  softer 
grades  of  binders  can  be  a  potential  solution  to  the  problem 
of  low  temperature  cracking,  a  laboratory  evaluation  to 
corroborate  and  quantify  this  effect  has  had  little  attention. 

The  performance  of  a  bituminous  mixture  is  dependent 
upon  the  type  and  character  of  its  constituents.   Tensile 
strength,  strain  at  failure,  and  stiffness  are  temperature 
dependent  characteristics  of  a  bituminous  mixture,  and  variations 
in  these  characteristics  are  ascribed  to  the  known  variations 
of  the  asphalt  binder.   At  the  low  temperature  extreme,  it 
is  desirable  to  obtain  as  low  a  stiffness  as  possible.   However, 
this  can,  in  turn,  result  in  too  low  a  stiffness  over  the 
medium  to  high  temperature  range  for  fatigue  and  permanent 
deformation  requirements.   Ideally,  a  mix  should  have 
temperature  susceptible  characteristics  that  will  satisfy 
both  ends  of  the  temperature  performance  scale.   The  solution 
does  not  lie  only  in  the  use  of  proper  grades  of  binders,  but 
should  also  involve  consideration  of  temperature  susceptible 
characteristics.   Based  on  this  reasoning,  a  harder  grade  with 
low  temperature  susceptibility  perhaps  can  perform  as  well  at 
low  temperature  as  a  softer  grade  with  high  temperature 


susceptibility.   Also,  the  harder  grade  with  low  temperature 
susceptibility  will  result  in  a  better  performance  of  the 
bituminous  mixture  at  medium  to  high  temperatures.   The 
requirement  of  better  performance  of  the  bituminous  mixture 
thus  requires  the  proper  selection  of  the  binder  with 
suitable  temperature  susceptible  characteristics. 

Air  blowing  and  emulsif ication,  amongst  many,  are  the 
feasible  means  to  modify  temperature  susceptibility  of  the 
binders.   Emulsif ication  of  the  base  asphalt  is  a  viable 
method  for  providing  a  residue  with  improved  temperature 
susceptible  characteristics.   In  this  regard,  the  use  of 
high  float  emulsions  has  been  common  in  Indiana  and  elsewhere. 
The  major  emphasis  of  improved  temperature  susceptible 
characteristics  of  the  high  float  emulsions,  however,  has  been 
on  the  dividends  with  respect  to  stability  at  high  ambient 
temperatures.   The  recognition  of  the  impact  of  their  improved 
temperature  susceptibility  on  low  temperature  characteristics 
of  bituminous  mixtures  has  remained  relatively  dormant. 
Moreover,  there  has  been  no  attempt  to  corroborate  the  benefits 
accruing  from  improved  temperature  susceptibility  of  high 
float  emulsions  by  any  quantitative  laboratory  evaluation. 
It  was  thus  considered  plausible  to  examine  the  effects  of 
such  a  modification  in  the  bituminous  mixture. 

With  regard  to  modification  by  the  use  of  air-blowing, 
a  recent  field  study  (30)  indicates  promising  potential  in 
this  approach.   However,  it  should  be  borne  in  mind  that  if 
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air-blowing  is  carried  too  far,  this  can  result  in  a  serious 
loss  of  ductility,  and  the  adhesion  between  aggregate  and 
asphalt  cement  may  be  detrimentally  affected.   Hence,  it  was 
considered  worthwhile  to  evaluate  the  partially  air-blown 
asphalts  as  incorporated  in  the  bituminous  mixture. 

Two  test  methods  for  measuring  the  tensile  properties  of 
bituminous  mixtures  are  the  following: 

1.  Direct,  uniaxial  tension  test 

2.  Tensile  splitting  test 

The  direct  tension  test  consists  of  applying  an  axial 
tensile  force  directly  to  the  specimen  and  measuring  the 
stress-strain  characteristics  of  the  material.   Although  this 
test  seems  simple  in  theory  and  principle,  serious  difficulties 
have  been  encountered  in  its  practical  application.   Besides 
the  difficulties  of  additional  bending  stresses  due  to  align- 
ment problems  and  gripping  of  the  specimen,  the  test  set-up 
is  complex  and  time  consuming  and  involves  large  quantities 
of  the  materials.   The  tensile  splitting  test  was  developed  in 
1953  by  Carneiro  and  Barcellos  of  Brazil  and  Akazawa  of  Japan, 
working  independently.   This  test  was  developed  with  a  view 
towards  simplicity  of  specimen  preparation  and  testing  pro- 
cedure.  Hveem  or  Marshall  test  specimens  can  be  used  by 
loading  across  a  diameter  in  a  compression  testing  frame. 
Tensile  stresses  induced  in  the  direction  of  a  diameter  at 
right  angles  to  the  compressive  loading  eventually  result  in 
fracture  of  the  specimen.   Horizontal  deformation  is  measured 
along  the  face  of  the  specimen,  in  the  direction  of  the 
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principal  tensile  stresses. 

Statement  of  Problem 

In  light  of  the  foregoing  remarks,  it  was  decided  that 
the  focus  of  this  study  would  be  to  justify  the  postulation 
that  the  stiffness  and  failure  strain  of  a  bituminous  mixture 
can  be  controlled  by  controlling  the  characteristics  of  the 
binder.   For  this  purpose,  binders  with  varying  character- 
istics as  such,  as  well  as  with  suitable  modifications  with 
regard  to  their  temperature  susceptibility,  e.g.  emulsi- 
fication  and  air-blowing,  were  incorporated  into  the  mixtures. 

In  view  of  the  practical  advantages  of  the  tensile 
splitting  test,  it  was  decided  to  use  this  test  for  the 
purpose  of  evaluating  the  tensile  characteristics  of  the 
mixtures.   The  compacted  specimens  with  the  above  mentioned 
binders  were  prepared  and  subjected  to  the  tensile  splitting 
test  and  the  response  was  evaluated  in  terms  of  stiffness 
and  failure  strain  as  measured  by  this  test. 

In  conjunction  with  the  above,  acoustic  emission  was 
used  to  detect  cracking  and  thus  to  better  define  the  failure 
mechanism  in  bituminous  mixtures.   In  this  regard,  the  load- 
cumulative  count  rate  was  used  to  define  more  precisely  the 
limiting  strain  and  limiting  load  at  which  failure  occurred. 
In  the  sections  that  follow,  this  pre-view  is  amplified 
to  include  a  detailed  description  and  execution  of  different 
facets  of  this  study. 
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MATERIALS  AND  MIXTURE  PROPERTIES 

In  this  section,  the  material  used  for  this  investigation 
and  their  source  and  properties  are  presented,  and  the  mixtures 
and  their  design  are  described. 

Aggregate 

Aggregate  for  this  study  consisted  of  100  percent  crushed 
limestone  obtained  from  the  Erie  Stone  Company  of  Huntington, 
Indiana.   This  producer  is  listed  as  quarry  number  58  by  the 
Indiana  State  Highway  Commission  (35) .   Geological  setting 
for  this  material  is  the  Louisville  limestone  formation  of 
the  Silurian  period  (36) . 

Materials  for  this  study  originated  from  quarry  stock- 
piles accepted  by  the  Indiana  State  Highway  Commission  Bureau 
of  Materials  and  Tests.   These  sources  were  designated  as 
size  Nos.  9  and  14-2.   Filler  was  minus  No.  200  screenings 
from  the  14-2  size. 

Aggregates  were  transported  to  the  Purdue  Bituminous 
Materials  Laboratory  where  they  were  resized  to  logarithmic 
sieve  series,  washed,  dried  and  stored. 

The  following  physical  properties  were  measured  in  strict 
conformance  with  applicable  ASTM  Standards: 
A.   Los  Angeles  Abrasion  (percent  wear) ,  (ASTM  C  131) 

Percent  wear  values  in  the  Los  Angeles  Abrasion  Test 
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are  given  below: 

Grading 

B 
C 
D 

B.   Specific  Gravity  and  Absorption  (ASTM  C  127,  C  128) 

The  specific  gravity  and  absorption  values  are  given 
below: 


Wear  after 

Wear  after 

100  rev. ,  % 

500  rev. ,  % 

9.1 

40.2 

8.9 

39.8 

9.2 

40.5 

Size  Fraction 

GBulk 

GBSSD 

GAPP 

%ABS. 

Coarse  Agg. 

2.602 

2.648 

2.725 

1.72 

Fine  Agg. 

2.749 

2.778 

2.831 

1.05 

Filler 

Bind 

ers 

2.809 

— 

Four  binders  were  used  for  this  study.   These  materials 
included  three  asphalt  cements  and  one  high  float  emulsion 
residue,  designated  as  Ml,  M2 ,  M3  and  M4.   The  type  and 
identification,  nominal  penetration,  ductility  and  softening 

point  data  for  these  materials  are  given  below: 

Soft- 
Nominal    Ductility   Ductility   ening 
Type  and         Penetration,  5cm/min. ,   lcm/min. ,   Point 
Identification  77°F  77°F      39.2°F      (°F) 

Canadian  asphalt  (Ml) 

Partially  air-blown 
asphalt  (M2) 

Soft  asphalt  (M3) 

HF  emulsion  resi- 
due (M4) 


85-100 

100+ 

16 

113 

85-100 

100+ 

8 

123 

200-250 

100  + 

100+ 

107 

85-100 

100+ 

15 

204 

14 

The  Canadian  asphalt,  Ml,  was  provided  by  Pounder 
Emulsion,  Ltd.,  Winnepeg,  Canada,  the  partially  air-blown 
asphalt,  M2 ,  by  Asphalt  Materials,  Inc.,  Indianapolis, 
Indiana,  and  the  soft  asphalt,  M3 ,  by  the  American  Oil  Company 
of  Whiting,  Indiana.   The  high  float  emulsion,  M4 ,  with  the 
Canadian  asphalt  as  the  base  asphalt,  was  formulated  in  and 
supplied  by  the  K.E.  McConnaughay  Laboratory,  Lafayette, 
Indiana.   All  asphalt  cements  were  stored  after  arrival  until 
used  in  the  experiment  in  a  walk-in  refrigerator  at  a  temper- 
ature of  approximately  23  F  (-5  C) .   Asphalt  required  for 
testing  or  specimen  fabrication  was  chipped  from  the  container 
at  this  temperature  without  removal  from  the  refrigerator. 
In  order  to  insure  uniform  quality  and  avoid  any  spoilage 
due  to  storage,  the  emulsion  was  formulated  as  and  when 
needed  for  the  fabrication  of  the  specimens. 

Tests  for  Physical  Properties 

A.   Penetration 

Penetration  tests  for  the  binders  were  performed  under 
loads  of  50g. ,  100  g.  and  200g.,  at  temperatures  of  39.2  F 
and  77  F  and  for  periods  of  5,  15,  30,  45  and  60  seconds. 
The  data  accruing  from  these  tests  are  given  in  Table  1  and 
plotted  in  Figures  1  and  2.   The  penetration  values  for 
different  periods  of  loading  and  at  different  temperatures 
were  used  in  calculating  the  viscosity  values.   The  details 
of  penetration  -  viscosity  conversion  are  given  in  the 
section  dealing  with  "viscosity". 
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TABLE  1 
Penetration  Values  of  the  Binders 


Penetration  (dmm) 
50g.,  77°F 

Binder     5  sec.     15  sec.     30  sec.     45  sec.     60  sec 


Ml 

M2  -  - 

M3         170        275         370         445 

M4 


100g.,  77°F 

Ml 

105 

175 

240 

285 

M2 

85 

130 

170 

200 

M3 

231 

- 

- 

- 

M4 

80 

122 

162 
200g.,  39.2°F 

190 

Ml 

14 

19 

24 

- 

M2 

26 

34 

39 

- 

M3 

31 

50 

70 

- 

M4 

21 

27 

32 

- 

29 
46 
93 

38 


16 


200 


100 


e 

E 

X) 

c 
o 

-•— 

o 

!_ 

% 

c 

(D 

Q. 


50 


O  Ml- Canadian   Asphalt 

A  M2-Partially  Air  Blown  Asphalt 

D  M3-Soft    Asphalt 

O  M4-HF   Emulsion  Residue 


-i i i i 


i      i i—i i— i 


10 


50 


100 


Time  (seconds) 


FIGURE     I  PENETRATION     VS.    TIME     AT    39.2    F 

FOR     BINDERS     Ml,  M2,  M3,  M4 
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FIGURE    2  PENETRATION     VS.    TIME      AT     77   F 

FOR       BINDERS      Ml,  M2,  M3,  M4 
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B.   Viscosity 

Various  means  were  employed  for  measuring  viscosity  at 
different  temperatures.   At  39.2  F  and  77  F  viscosity  values 
were  calculated  by  converting  penetration  values  to  viscosity 
using  Pendleton  equations.   The  details  of  the  method  of  such 
conversions  are  given  in  Appendix  A.   Absolute  viscosity 
values  for  the  binders  at  -10  F  and  0  F  were  measured  by  a 
Ball  Penetrometer.   A  detailed  illustration  of  this  method 
is  given  in  Appendix  B.   Absolute  viscosity  at  140  F  was 
measured  by  using  Asphalt  Institute  vacuum  capillary  visco- 
meters.  Kinematic  viscosity  at  275  F  for  Ml,  M2  and  M3  was 
measured  by  Zeitfuchs  Cross-Arm  viscometers.   Kinematic 
viscosity  for  M4  could  not  be  measured  due  to  the  fact  that 
this  material  did  not  flow  at  275  F  under  atmospheric  pressure, 
The  measured  values  of  absolute  and  kinematic  viscosities 
are  given  in  Table  2.   Also,  see  section  C  under  "Temperature 
Susceptible  Characteristics"  for  additional  discussion  on 
measurement  of  viscosity. 

TABLE  2 

Viscosity  Values  of  the  Binders 


Bind 

er 

Absolute  (Poises 

) 

Kine- 
matic (cSt) 

-10°F 

0°F 

3  9.2°F 

77°F 

140°F 

275°F 

Ml 

8.67xl010 

1 

.58xl010 

9.8xl07 

5.9xl05 

430 

155 

M2 

4.45xl010 

4. 

,47xl09 

2.8xl07 

9.5xl05 

2350 

457 

M3 

1.78xl010 

6. 

, 31xl09 

1.8xl07 

1.3xl05 

275 

133 

M4 

2.69xl010 

8. 

, 41xl09 

4.5xl07 

1.07xl06 

2500 

- 
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Temperature  Susceptible  Characteristics 

The  various  indices  characterizing  the  temperature 
susceptibility  of  the  binders  are  described  in  this  section. 
A.   Penetration  Index 

Penetration  Index  of  the  binders  was  calculated  according 
to  Pfeiffer  and  Van  Doormal  (27).   They  define  the  index  as: 

PI  =   _J^ 10 

1+90PTS     U 

where  PI  =  penetration  index 

PTS  =  penetration  temperature  susceptibility 

=  log10  800  -  log1()P 

T     -  T 
R&B     P 

where   P  =  penetration  at  77°F  (25°C)  100  g.,  5  seconds 
TR&B  =  ring  and  ball  softening  point  in  °F 

Tp  =  temperature  where  penetration  is  determined,  77°F 
for  this  case 

Penetration  indices  of  -2  to  +2  correspond  with  "normal" 
residual  asphalts  whereas  indices  of  less  than  -2  indicate 
highly  temperature  susceptible  pitch  types  and  indices  above 
+2  are  found  for  low  susceptibility  blown  materials. 

Penetration  indices  for  the  binders  are  shown  in  Table  3. 
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TABLE  3 
Penetration  Indices  of  Binders 


Binder 

Pen. 

@  77 

°F 

PI 

Ml 

105 

-0.62 

M2 

85 

+  0.35 

M3 

231 

+  1.45 

M4 

80 

+7.55 

The  penetration  index  is  based  on  the  concept  that  the 
penetration  of  an  asphalt  at  its  softening  point  is  800.   This 
assumption  has  been  questioned  by  many  investigators.   The 
validity  of  the  penetration  index  is  further  open  to  doubt 
as  all  the  bituminous  materials  at  their  softening  point  are 
not  simple  liquids  and  do  not  possess  the  same  viscosity. 
The  viscosities  of  bituminous  materials  at  their  ring  and  ball 
softening  points  have  been  shown  (37,  38)  to  vary  from  8000 
to  30,000  poises.   The  fact  that  the  viscosity  is  not  constant 
at  the  ring  and  ball  temperature  would  be  expected  from  a 
consideration  of  the  physics  of  the  test.   To  begin  with,  the 
ring  and  ball  method  combines  the  principles  of  a  falling  ball 
viscometer  and  those  of  the  falling  coaxial  cylinder  visco- 
meter since  the  ball  falls  through  the  material  and  at  the 
same  time  moves  the  mass  of  the  binder  in  a  shearing  action 
similar  to  the  falling  coaxial  cylinder  apparatus.   Also,  the 
rate  of  shear  varies  in  the  ring  and  ball  method  and  any 
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variation  in  the  rate  of  shear  will  affect  the  numerical 
value  of  the  viscosity  for  a  non-Newtonian  liquid.   This  is 
particularly  true  for  high  float  emulsion  residues.   While 
it  may  be  argued  that  most  asphalts  at  the  ring  and  ball 
temperature  are  essentially  liquids,  it  is,  nevertheless,  true 
that  at  the  start  of  this  test  the  binder  is  subjected  to 
shear  at  temperatures  where  the  viscosity  is  many  times 
greater  than  that  at  the  ring  and  ball  temperature  and  at 
which  the  material  may  possess  definite  non-Newtonian  character- 
istics . 
B.   Pen-Vis  Number 

In  view  of  the  shortcomings  of  penetration  index  as  pro- 
posed by  Pfeiffer  and  Van  Doormal,  McLeod  (22)  has  presented 
an  alternative  method  of  showing  the  temperature  susceptibility 
of  a  binder  in  terms  of  Pen-Vis  number.   It  is  based  on  the 
relationship  between  viscosity  at  275  F  (or  140  F)  and  pene- 
tration at  77°F.   Lefebvre  (29)  has  further  investigated  this 
approach,  using  a  number  of  Canadian  asphalts  and  has  rec- 
ommended its  use.   Pen-Vis  numbers  for  the  binders  used  in 
this  study  are  shown  in  Table  4. 


TABLE  4 


Binder  Pen-Vis  Numbers 
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Binder 

Pen  @ 
77°F 

Absolute  Vis- 
cosity (poises) 
@  140°F 

Kinematic  Vis- 
cosity (cSt) 
@  275°F 

Pen-Vis 
Number 

Ml 

105 

430 

155 

-1.7 

M2 

85 

2350 

457 

-0.17 

M3 

231 

275 

133 

-1.0 

M4 

80 

2500 

- 

-0.14 

C.   Viscosity 

Many  investigators  have  suggested  that  the  slope  of  the 
viscosity  vs.  temperature  curve  be  used  as  an  index  of  tem- 
perature susceptibility.   Above  their  softening  points  bitum- 
inous materials  possess  different  rheological  and  colloidal 
properties  than  at  temperatures  below  the  softening  point. 
Thus,  at  these  two  temperature  levels,  the  materials  will 
have  different  temperature-viscosity  relationships  and  no 
simple  index  can  be  expected  to  apply  over  a  wide  temperature 
span.   The  relationship  of  viscosity  to  temperature  is  com- 
plicated and  confused  by  the  changes  in  colloidal  properties 
of  bituminous  materials  occurring  with  changes  in  temperature 
At  high  temperatures  the  asphalt  cements  are  essentially  sol- 
type  materials  possessing  Newtonian  flow  characteristics  as 
shown  in  Figure  3,  while  the  high  float  emulsion  residue 
certainly  exhibits  non-Newtonian  characteristics  as  depicted 
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in  Figure  4.   At  lower  temperatures  all  the  binders  may  mani- 
fest non-Newtonian  flow  to  varying  degrees.   The  viscosity- 
temperature  curve,  as  such,  can  be  useful  in  comparing  rheo- 
logical  behavior  of  the  binders.   The  viscosity-temperature 
relationships  for  the  binders  used  in  this  study  are  shown  in 
Figure  5. 

The  viscosity  measurements  of  the  asphalt  cements  at 
140°F  were  made  by  means  of  Nos.  50,  100  and  200  Asphalt 
Institute  vacuum  capillary  viscometers.   Shear  rates  were 
varied  by  varying  the  size  of  the  viscometers  and  the  vacuum, 
and  the  corresponding  viscosities  were  measured  and  reported 
as  shown  in  Figure  3.   In  the  case  of  the  emulsion  residue, 
a  No.  400  Asphalt  Institute  vacuum  capillary  viscometer  was 
used  to  measure  viscosity  at  140  F  and  the  vacuum  was  varied 
to  generate  different  shear  rates.   In  Figure  4  is  shown  the 
set  of  viscosity-shear  rate  curves  for  different  bulbs  in  the 
viscometer  tube.   As  the  material  is  pulled  up  the  viscometer 
tube,  the  viscosity,  for  the  same  shear  rate,  decreases.   Such 
intriguing  behavior  of  the  high  float  emulsion  residue  could 
be  ascribed  to  its  non-Newtonian  complex  flow  as  is  indicated 
by  its  shear  susceptibility  value  (39)  of  0.23.   The  material 
is  sheared  to  some  extent  before  it  reaches  the  next  bulb  and 
owing  to  its  complex  flow  its  behavior  in  any  given  bulb 
largely  depends  on  the  preceding  shear  history. 

Simple  instruments  capable  of  measuring  viscosities  of 
the  binders  at  the  required  low  temperatures  are  not  available 
and,  thus,  some  indirect  methods  were  employed  for  this 
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purpose.   The  absolute  viscosities  at  39.2°F  and  77°F  were 
calculated  by  converting  penetration  readings  at  recurring 
intervals  using  Pendleton  equations  (40).   See  Figures  6 
and  7. 

Mixtures  and  Mixture  Design 

One  gradation  was  used  with  each  of  the  four  binders 
used  in  this  study.   The  mixture  gradation  for  the  experiment 
and  typical  Indiana  State  Highway  Commission  and  Asphalt 
Institute  specifications  for  comparison  are  shown  in  Table  5. 
The  gradation  curve  is  shown  in  Figure  8.   The  mixtures  were 
identified  in  keeping  with  the  designations  for  binder  types. 

TABLE  5 

Mixture  Gradation 

Percent  Passing 

Mix 


100 
91 
76 
54 
46 
37 
25 
16 
7 
4 


Sieve 
Size 

AI 

IVb 

3/4 

100 

1/2 

80-100 

3/8 

70-90 

4 

50-70 

8 

35-50 

16 

- 

30 

18-29 

50 

13-23 

100 

8-16 

200 

4-10 

ISHC 

#9 

Surface 

100 

76- 

-92 

46- 

-77 

32- 

-53 

24- 

-47 

16- 

-40 

6- 

-26 

2- 

-17 

0- 

-7 

0- 

-4 
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Specific  gravity  and  absorption  values  of  coarse  as  well 
as  fine  fractions  of  the  gradation  are  given  in  the  "aggregate" 
section.   The  values  of  bulk  specific  gravity  and  apparent 
specific  gravity  for  the  blended  fractions  to  produce  the 
mixture  gradation  are  2.670  and  2.772  respectively. 

Surface  area  of  the  aggregate  was  calculated  using  the 
California  surface  area  factors  (42).   This  method  multiplies 
a  factor  for  each  sieve  size  by  the  percentage  by  weight 
passing  the  sieve  to  give  the  surface  in  square  feet  per 
pound  of  material  of  that  fraction.   The  sum  of  the  surface 
areas  of  the  fractions  is  the  surface  area  of  the  blend  of 
fractions  used  in  the  mixture.   Surface  area  of  the  gradation 
used  for  this  study  was  calculated  to  be  26.78  square  feet 
per  pound. 

Design  binder  content  was  determined  by  the  Hveem 
(California)  method  as  described  by  The  Asphalt  Institute  (42) . 
Pertinent  data  for  entering  the  mix  design  charts  (42,  43) 
and  design  constants  from  the  charts  are  shown  in  Table  6. 
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TABLE  6 
Hveem  Mixture  Design  Values 


Factor  Design  Value 

Corr.  CKE  3.10 

Oil.  Ret.  3.20 

K  1.40 

c 

Kf  0.75 

K  0.93 

m 

Oil  Ratio  3.3 

Bit.  Ratio  5.25 

Mixtures  were  prepared  using  the  estimated  asphalt  con- 
tent (5.25  percent)  and  specimens  were  fabricated  for  stability 
and  cohesiometer  and  density-voids  analysis.   For  this  asphalt 
content,  stability  and  cohesiometer  values  were  adequate  for 
heavy  traffic  but  air  voids  in  the  compacted  mixture  were  7.7 
percent  and  thus  exceeded  the  desirable  level  of  2-5  percent. 
Two  alternatives  are  available  to  adjust  mixture  components 
to  reduce  air  voids  to  an  acceptable  level;  these  are: 

1.  Change  aggregate  gradation  usually  by  increasing 
the  finer  portion. 

2.  Increase  the  asphalt  content. 

Because  calculated  voids  in  the  mineral  aggregate  was 
very  close  to  minimum  acceptable  values  and  since  the 
gradation  of  the  trial  mixture  was  approaching  the  fine  limit 
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of  the  Indiana  State  Highway  Commission  specifications  for 
these  types  of  mixtures,  the  first  alternative  was  rejected 
and  the  second  was  chosen  for  trial.   Specimens  were  fabri- 
cated and  tested  at  increased  asphalt  contents.   The  asphalt 
content  which  satisfied  all  the  design  criteria  was  chosen 
as  the  design  asphalt  content.   The  emulsion  mixtures  were 
prepared  by  using  the  same  binder  content  (emulsion  residue) 
as  for  the  asphalt  mixtures.   The  summary  of  mixture  properties 
is  included  in  Table  7. 

Bulk  density  values  for  the  test  specimens  were  deter- 
mined by  ASTM  Method  D2726.   The  specimens  were  then  broken 
and  the  measurements  for  maximum  theoretical  specific  gravity 
and  absorbed  asphalt  were  made  using  the  Yale  Pycnometer 
method  (44) .   Basic  principles  applied  in  this  method  are  the 
same  as  in  Rice  Method  (ASTM  D2041)  but  the  Yale  Pycnometer 
method  leads  to  quick  and  efficient  determination  of  parameter 
values  of  interest. 
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TABLE  7 
Summary  of  Mixture  Properties 


Property/Mixture  Ml       M2       M3       M4 


%  Asphalt  by  wt.  aggregate  6.25  6.25  6.25  6.25 

%  Asphalt  by  wt.  mixture  5.882  5.882  5.882  5.882 

%  Aggregate  94.118  94.118  94.118  94.118 

Mix  bulk  Sp.  Gr.  2.418  2.414  2.407 

Absorbed  asphalt  (%)  1.408  1.408  1.408 

Aggregate  bulk  Sp.  Gr.  2.67  2.67  2.67  2.67 

Asphalt  Sp.  Gr.  1.012  1.020  1.018 

VMA  (%)  14.765  14.765  14.765  14.765 

Air  voids  (%)  3.88  3.89  3.88  3.89 

Stabilometer  Value  40  43  38  45 

Cohesiometer  Value  289  321  300  311 
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EXPERIMENTAL  WORK 

In  this  section,  layout  of  the  design  of  the  experiment, 
specimen  fabrication,  experimental  set-up  and  testing  pro- 
cedures are  described. 

Design  of  the  Experiment 

The  experiment  was  designed  and  carried  out  in  two 
phases.   The  indirect  tension  testing  for  the  first  phase 
was  conducted  at  a  testing  speed  of  50  MI  per  second  and  at 
temperatures  of  -10°F,  5°F,  20°F  and  35°F.   For  the  second 
phase,  a  testing  speed  of  1000  MI  per  second  and  temperatures 
of  35°F,  70°F,  105°F  and  140°F  were  employed.   The  rationale 
for  selection  of  these  conditions  is  presented  as  a  part 
of  the  following  discussion. 

Variables 

Response  or  dependent  variables  to  be  evaluated  by 
this  study  were  limiting  strain  and  limiting  stiffness. 
Limiting  strain  is  defined  as  strain  at  failure  or  the 
strain  that  is  associated  with  the  maximum  load.   Limiting 
stiffness  is  defined  as  limiting  strength  divided  by  limiting 
strain  at  failure. 

Variables  that  were  intended  to  be  completely  controlled 
during  this  study  were  mixture  type,  testing  speed,  and 
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temperature.   Mixture  type  was  controlled  at  four  levels. 
A  single  gradation  was  used  for  each  of  the  four  binders 
(Ml,  M2,  M3  and  M4).   Each  mixture  was  tested  at  one  binder 
content  as  determined  to  be  optimum  by  the  Hveem  method  of 
mixture  design.   Temperature  was  controlled  at  eight  levels. 
The  upper  level  was  140  F  (60  C)  which  is  approximately  the 
highest  ambient  temperature  that  a  pavement  will  experience 
and  is  also  the  standard  test  temperature  for  stability 
measurements  for  mixture  design.   The  lower  limit  of  test 
temperature  was  -10°F  (-23.3°C).   This  was  considered  to  be 
the  level  of  the  temperature  which  may  simulate  a  reasonably 
low  temperature  that  would  occur  in  the  field  and  which  would 
also  place  the  binders  in  the  glassy  region.   While  main- 
taining orthogonality  in  the  experiment,  the  first  phase  of 
the  experiment  was  carried  out  at  test  temperatures  of  -10  F 
(-23.3°C),  5°F  (-15°C) ,  20°F  (-6.7°C)  and  35°F  (1.7°C)  and 
the  second  phase  involved  test  temperatures  of  35  F  (1.7  C) , 
70°F  (21.1°C),  105°F  (40.6°C),  and  140°F  (60°C). 

Type  of  Design 

A  completely  randomized  design  was  considered  to  be 
too  time  consuming  and  thus  uneconomical.   At  first,  it  was 
contemplated  to  block  the  temperatures  with  three  replica- 
tions for  each  treatment  combination.   The  general  model 
for  the  analysis  would  have  been  the  following: 

Y...  =  m  +T.  +  6  , .  .  +M.  +  TM .  .  +  E,..., 
i]k         l     (l)     ]      ID     (xj)k 
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As  is  evident  from  the  model,  there  was  no  test  for 
temperature  and  also,  there  was  no  possible  way  to  formulate 
the  regression  of  the  effect  of  temperature  on  the  response 
variables.   These  difficulties  made  the  use  of  a  randomized 
complete  block  design  undesirable. 

After  detailed  discussion,  it  was  decided  to  use  a 
nested  factorial  design.   The  general  model  for  the  analysis 
culminated  in  the  following  form: 

Yijk  -■  H  +  *±  +  D(±)j  +  «(±jJ  +  Mk  +  TMik  +  DM(.)jk  +  e(.jk) 

i  =  1,2,3,4    j  =  1,2,3    k  =  1,2,3,4 
where 

Yj.^  =  response  variable 

M  =  overall  mean 

TL   =   effect  of  i    temperature  (fixed) 

D(i)j  =  effect  of  J    occurrence  (days)  in  the  ith  tem- 
perature 

6(ij)  =  restriction  error  caused  by  the  four  mixture 

specimens  being  run  in  the  j    occurrence  of  the 

i    temperature.   This  has  zero  degrees  of  freedom 

and  no  sum  of  squares 
th 


Mk  =  effect  of  k   mixture  type  (fixed) 


th 


™ik  =  effect  of  the  interaction  of  the  i    temperature 


with  k   mixture  type 


DM 


.th 


(i)jk  ~  effect  of  the  interaction  of  the  j    occurrence  in 
i    temperature  by  k   mixture  type 
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, . .,  >  =  within  error  and  since  there  is  only  one  observation 
within  j    occurrence  of  i    temperature  and  k 
mixture  type,  there  are  zero  degrees  of  freedom 


A  schematic  of  the  arrangement  of  data  from  the  nested 
factorial  experiment  is  shown  in  Table  8. 

TABLE  8 


Arrangement  of  Data  from 
Nested  Factorial  Experiment 


12  3 


4  5  6 


7  8  9 


10  11  12 


1 
2 
3 

4 


Steps  involved  in  carrying  out  the  design  of  the  experi- 
ment were: 

1.  Four  specimens,  one  for  each  mixture  type,  were 
fabricated  and  cured  at  140  F  for  15  hours  followed  by  air 
curing  at  room  temperature  for  7  days. 

2.  A  day  was  selected  at  random  and  the  four  cured 
specimens,  one  for  each  mixture  type,  were  tested. 
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3.   The  same  testing  procedure  was  repeated  for 
other  eleven  days  demanding  that  each  temperature  had  three 
days  which  resulted  in  the  form  of  a  nested  factorial  design. 

Specimen  Fabrication 

In  this  section,  the  procedures  for  mixing,  compaction 
and  curing  of  mixtures  are  described. 

Mixing  for  Asphalt  Cement  Mixtures 

In  preparing  the  mixtures  containing  asphalt  cements, 
1200  gram  batches  of  aggregate  were  weighed  into  individual 
pans  and  heated  to  the  mixing  temperature  in  a  forced-draft 
oven  while  the  asphalts  were  being  heated  in  open  beakers  on 
electric  hot  plates  with  constant  stirring.   Mixing  tempera- 
tures were  set  to  give  mixing  viscosities  between  150  and  300 
centistrokes  as  recommended  by  The  Asphalt  Institute  (48) . 
The  weighed  and  heated  aggregate  was  placed  in  a  heated  mixing 
bowl  and  placed  on  a  balance  where  the  required  amount  of 
asphalt  was  weighed  into  a  crater  in  the  aggregate.   Mixing 
was  accomplished  with  a  planetary  action  mechanical  mixer 
using  a  wire  beater.   Mixtures  were  mixed  for  30  seconds  after 
which  the  bowl  sides  were  scraped  down  with  a  hot  spoon. 
Mixing  was  then  continued  for  a  total  elapsed  time  of  90 
seconds.   After  mixing,  each  mixture  was  placed  in  a  clean 
pan  and  placed  in  an  oven  maintained  at  250   Fahrenheit  for 
a  few  minutes  until  compacted. 
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Mixing  for  Emulsion  Mixtures 

In  preparing  the  mixtures  containing  emulsion,  1200  gram 
batches  of  aggregate  were  weighed  into  individual  pans  and 
then  transferred  to  bowls  for  heating  and  mixing.   The  bowls 
had  flat  bases  so  that  uniform  heat  could  be  applied  to  the 
mixture  during  mixing.   The  required  amount  of  emulsion  was 
weighed  into  a  crater  in  the  aggregate.   While  the  bowl  was 
being  heated  on  a  thermostatically  controlled  electric  hot 
plate,  the  mixture  was  handmixed  until  it  attained  the  tem- 
perature of  250   Fahrenheit.   The  heating  was  then  controlled 
so  as  to  maintain  the  temperature  of  the  mixture  at  250 
Fahrenheit  for  fifteen  minutes.   After  this,  each  mixture  was 
placed  in  a  clean  pan  and  placed  in  an  oven  maintained  at 
250   Fahrenheit  for  a  few  minutes  until  compacted. 

Compaction 

Although  the  binder  content  was  determined  by  the  Hveem 
Method  of  mix  design,  the  compaction  of  the  test  specimens 
was  achieved  by  use  of  the  gyratory  testing  machine.   The 
gyratory  testing  machine  (GTM)  (49) ,  developed  by  Waterways 
Experiment  Station,  Vicksburg,  Mississippi,  is  based  on  a 
compaction  technique  devised  by  the  Texas  Highway  Department. 
The  gyratory  machine  is  a  combination  of  compactor  and  testing 
machine.   It  has  been  demonstrated  that  as  a  compactor  it 
produces  specimens  having  stress-strain  characteristics  more 
representative  of  actual  field  conditions  than  those  compacted 
by  other  means  and  that  the  simulation  of  field  compaction 
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and  traffic  densif ication  is  both  feasible  and  practical  in 
the  laboratory  through  the  use  of  this  machine  (50).   More- 
over, gyratory  compaction  produces  specimens  with  realistic 
orientation  of  the  particles  without  appreciable  degradation 
of  the  aggregate.   It  also  produces  specimens  with  more  uni- 
form density  than  the  California  kneading  compactor.   For 
these  reasons,  gyratory  compaction  was  adapted  for  fabri- 
cation of  the  test  specimens. 

The  machine  was  set  for  a  gyratory  angle  of  1  degree  and 
a  vertical  pressure  of  200  psi.   The  GTM  fixed  roller  was 
used.   The  above  settings  were  based  on  the  ASTM  tentative 
testing  method  (51) .   It  was  ascertained  that  60  gyratory 
revolutions  produced  specimens  with  the  same  magnitude  of 
density  as  150  tamping  blows  at  500  psi  foot  pressure  of  the 
California  kneading  compactor.   In  order  to  achieve  uniformity 
of  density  during  compaction,  variable  gyratory  revolutions 
(60+3)  were  employed. 

The  GTM  heater  was  set  at  14  0+5F  and  was  switched  on  one 
hour  before  starting  the  specimen  compaction.   To  avoid  loss 
of  heat  during  compaction,  the  mold  and  the  base  plate  were 
preheated  to  250+5F.   The  heated  mold,  base  plate  and  a  paper 
disc  were  placed  on  the  carrying  tray.   The  prepared  bitum- 
inous mixture  contained  in  the  pan  in  the  oven  at  250  F  was 
then  transferred  into  the  mold  with  a  spoon  in  a  manner  to 
avoid  spading  or  tamping,  and  a  paper  disc  was  placed  on  the 
top  of  the  mixture.   With  the  help  of  the  carrying  tray,  the 
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mold  containing  the  mixture  was  placed  in  the  GTM  and  the 
vertical  pressure  was  applied.  After  clamping  the  mold  in 
the  mold  chuck,  the  roller  carriage  was  actuated.  Each 
specimen  was  compacted  with  the  desired  number  of  gyratory 
revolutions  (60+3) .  Immediately  following  the  compaction, 
the  specimen  was  levelled  using  the  GTM  leveling  mechanism 
and  a  height  reading  taken. 

Curing 

Curing  of  the  freshly  laid  bituminous  mixture  in  the 
field  takes  place  in  the  compacted  state  and,  thus,  it  was 
considered  reasonable  and  pragmatical  to  cure  the  laboratory 
specimens  also  in  the  compacted  state.   For  hot  emulsion  mixes 
it  was  ascertained  that  curing  at  140°F  for  15  hours  followed 
by  air  curing  at  room  temperature  for  7  days  achieved  a  cured 
state  wherein  the  curve  of  strength  versus  days  of  curing 
became  flat,  thus  indicating  that  curing  was  complete.   Hence, 
it  was  decided  that  all  the  mixtures  prepared  with  asphalt  as 
well  as  with  emulsion  would  be  cured  at  14  0  F  for  15  hours, 
extruded  from  the  mold,  and  air  cured  at  room  temperature  for 
7  days. 

Uniformity  of  Test  Specimens 

After  the  compacted  specimen  contained  in  the  mold  had 
been  extruded,  it  was  allowed  to  cool  to  room  temperature, 
and  then  weighed.   Fabrication  uniformity  was  checked  by  com- 
paring unit  weight  of  the  specimens.   For  all  specimens  made 
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from  different  binders,  their  respective  average  unit  weight 
and  standard  deviation  is  shown  in  Table  9. 

TABLE  9 

Specimen  Bulk  Specific  Gravity 


Mix 

No. 
Obs, 

Average  Unit 
(lbs/cu.  ft. 

Wt. 
.) 

Std.  Dev. 

Ml 

24 

150.32 

0.25 

M2 

24 

150.20 

0.38 

M3 

24 

150.36 

0.25 

M4 

24 

150.38 

0.40 

Exp 

erimental  Set-Up 

In  this  section,  the  temperature  control  system,  loading 
system,  and  the  instrumentation  needed  for  testing  of  the 
specimens  are  described. 

Temperature  Control  System 

Specimens  were  tested  in  a  small  constant  temperature 
chamber.   This  test  chamber  was  supplied  with  conditioned  air 
from  a  larger  conditioning  box.   Inside  dimensions  of  the  test 
chamber  are  approximately  two  feet  by  two  feet  by  three  feet 
high.   This  temperature  control  system  was  fabricated  as  a 
part  of  a  previous  study  and  the  reader  is  referred  to  this 
study  (16)  for  a  detailed  description  of  the  system.   The 
temperature  control  system  was  found  to  be  quite  efficient 
and  showed  the  capability  of  maintaining  plus  or  minus  one 
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degree  Fahrenheit  for  extended  periods  (8  to  24  hours)  and 
plus  or  minus  one  half  degree  for  shorter  periods  of  time. 

Temperature  Monitoring  of  Specimens 

In  order  to  sense  the  temperature  at  the  geometrical 
center  of  the  specimen,  a  calibrated  thermistor  was  used. 
The  thermistor  was  inserted  in  a  drilled  hole  in  a  dummy 
specimen  of  the  same  size  and  shape  as  the  test  specimens 
and  was  enclosed  snugly  with  insulation.   The  specimens  to 
be  tested  were  conditioned  in  the  testing  chamber  along  with 
the  dummy  specimen.   The  temperature  equilibrium  between  the 
dummy  specimen  and  that  of  the  testing  chamber  indicated 
that  test  specimens  were  ready  for  testing. 

Loading  System 

An  MTS  electro-hydraulic  closed  loop  testing  machine  was 
used  as  the  loading  system.   The  closed  loop  operation  (45) 
of  the  testing  system  is  shown  in  Figure  9.   The  input  may  be 
load  or  stroke.   This  input  is  applied  to  the  specimen,  and 
the  system  then  compares  the  polarity  and  the  magnitude  of 
the  command  signal  with  that  given  by  the  feedback  transducer, 
If  the  difference  between  the  command  signal  and  that  of  the 
feedback  transducer  is  not  zero,  the  controller  makes  the 
necessary  adjustment  by  signaling  the  loading  system.   The 
control  system,  through  a  servo  valve,  regulates  the  flow  of 
the  hydraulic  fluid  moving  the  piston.   The  movement  of  the 
piston  provides  the  loading  to  the  specimen.   The  system  was 
calibrated  and  adjusted  by  a  factory  technician  just  prior  to 
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the  experiment.   A  general  view  of  the  equipment  is  depicted 
in  Figure  10. 

In  order  to  include  a  slow  enough  stroke  rate  to  provide 
for  slower  crosshead  speed  necessary  for  this  study,  suitable 
electronic  additions  were  made  to  the  frequency  control 
module  of  the  function  generator.   Such  a  modification  made 
the  system  capable  of  being  operated  at  slower  rates  of  ram 
movement  and  in  compression  as  well  as  in  tension  mode.   A 
schematic  diagram  of  this  analog  converter  and  a  calibration 
curve  for  capacitance  versus  head  speed  is  given  in  Figures 
11  and  12. 

Strain  Measurements 

Two  methods  of  strain  or  deformation  measurement  are 
available;  direct  strain  measurement  with  electrical  resist- 
ance strain  gages  and  measurement  with  an  extensometer .   The 
usage  of  strain  gages  poses  some  problems.   In  all  cases, 
fixing  the  gages  to  asphalt  concrete  is  extremely  difficult. 
Recommended  adhesives  would  either  soften  the  binder  or  simply 
would  not  adhere,  particularly  at  the  extreme  temperatures 
necessary  for  the  test.   The  difficulties  in  mounting,  lack 
of  reliability  under  the  conditions  of  the  experiment,  and 
overall  cost  and  time  economy  inhibit  the  direct  measurement 
by  strain  gages  and  thus  was  eliminated  as  a  measuring  tech- 
nique. 

The  alternative  means  of  deformation  measurement  involved 
the  use  of  an  extensometer.   Theoretical  and  physical  aspects 
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of  these  devices  are  discussed  in  references  (46,  47).  The 
conventional  type  of  extensometer  could  not  be  used  for  the 
intended  type  of  Indirect  Tension  test  and,  thus,  a  special 
kind  of  diametral  extensometer  was  designed  for  this  purpose. 
The  details  along  with  a  general  view  of  diametral  extenso- 
meter are  given  in  Figures  13  and  14. 

The  LVDT  (linear  variable  differential  transformer)  used 
for  this  project  was  a  Schaevitz  model  100  HR-DC  with  serial 
number  1507.   The  device  is  direct  current  operated  and  is 
completely  self  contained  inasmuch  as  the  microcircuitry 
necessary  for  signal  conditioning,  modulation  and  demodu- 
lation are  encapsulated  within  the  housing  itself.   The  only 
external  electronics  necessary  for  operation  of  this  device 
is  a  24  volt  DC  power  supply  and  a  device  to  measure  and 
record  output  voltages  that  result  from  displacement  of  the 
LVDT  core. 

The  LVDT  was  installed  in  the  diametral  extensometer  as 
shown  in  Figure  13.   A  0.0001  inch  micrometer,  in  place  of 
the  test  specimen,  as  aa '  in  Figure  13,  was  put  in  for  the 
purpose  of  calibration.   Output  voltage  of  the  LVDT  versus 
displacement  of  micrometer  were  measured  at  different  test 
temperatures.   Thus,  while  testing  the  specimens  at  different 
temperatures,  the  corresponding  calibration  of  the  LVDT  was 
used. 
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FIGURE   13       DIAMETRAL    EXTENSOMETER 
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FIGURE  14 


GENERAL      VIEW 
EXTENSOMETER 


OF     DIAMETRAL 
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Acoustic  Emission  Instrumentation 

The  objective  of  using  the  acoustic  emission  technique 
was  to  detect  crack  initiation  and  propagation  at  low 
temperatures. 

The  Dunegan  Research  Corporation  acoustic  emission  equip- 
ment was  used  which  consisted  of  the  following  pieces:   S1403 
transducer,  S/D-60P  preamplifier,  PP-2  power  module  pre- 
amplifier, N5-1  totalizer,  BC-677  audio  monitor,  CP-10  reset 
clock  and  CR-11  ramp  generator.   This  equipment  was  fitted 
into  the  MTS  Console.   A  high  vacuum  grease  was  used  as  the 
viscous  coupling  material  between  the  transducer  and  the 
specimen  to  insure  intimate  contact.   A  rubber  band  was  used 
to  firmly  secure  the  transducer  to  the  specimen.   A  general 
view  of  the  transducer  attached  to  the  specimen  is  shown  in 
Figure  15. 

Emission  counts  were  recorded  on  one  of  the  channels  of 
an  eight  channel  Dynograph-R  recorder. 

Principles  of  the  technique  are  quite  simple  in  that 
when  the  material  is  stretched  enough  that  one  of  the  bonds 
breaks,  the  energy  that  originally  held  it  together  is 
released  in  the  form  of  an  elastic  wave.   This  wave  is 
detected  by  a  lead-zirconate-titanate  (PZT)  transducer  that 
exhibits  a  piezoelectric  effect  in  that  deformation  of  the 
crystal  causes  the  emission  of  an  electric  impulse.   The 
impulse  is  conditioned,  amplified,  and  stored  digitally.   A 
digital-to-analog  converter  provides  a  DC  voltage  output  in 
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FIGURE   15 


ACOUSTIC       EMISSION     TRANSDUCER 
ATTACHED     TO      THE     SPECIMEN 
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real  time  corresponding  to  the  acoustic  emission  rate  and  the 
counts  accumulated.   The  signals  can  then  be  plotted  on  a 
recorder.   Failure  by  fracture  is  indicated  by  a  sharp  in- 
crease in  total  or  cumulative  counts. 

Readout  Equipment 

A  Brush  Recorder  Mark  280  was  used  for  recording  load 
and  stroke  during  the  testing  of  the  specimen.   Besides  this, 
for  temperatures  below  70  degree  Fahrenheit,  four  channels  of 
an  eight  channel  Dynograph-R  recorder  were  used  for  recording 
output  of  the  load,  stroke,  displacement  through  LVDT  and  the 
acoustic  emission  count.   For  temperatures  of  70  degree 
Fahrenheit  and  above,  a  Varian  X-Y  recorder  of  low  sensitivity 
in  conjunction  with  a  Brush  Recorder  Mark  280  was  used. 

Indirect  Tension  Test 

The  Indirect  Tension  Test  or  Tensile  Splitting  Test  was 
developed  with  a  view  towards  simplicity  of  specimen  prep- 
aration and  testing  procedure.   The  test  specimen  is  loaded 
across  a  diameter  in  a  compression  testing  frame.   Tensile 
stresses  induced  in  the  direction  of  a  diameter  at  right 
angles  to  the  compressive  loading  eventually  result  in 
fracture  of  the  specimen.   A  sketch  of  a  specimen  failing  in 
tension  under  a  compressive  load  is  shown  in  Figure  16. 
Stainless  steel  curved  loading  strips  were  used  in  the  test. 
The  dimensions  and  configuration  of  the  loading  strips  used 
are  shown  in  Figure  17. 
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FIGURE     16 


SPECIMEN      FAILING     IN     TENSION 
UNDER     COMPRESSIVE     LOAD 
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FIGURE    17         GENERAL     CONFIGURATION     OF    THE 
LOADING      STRIPS 
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The  equations  for  tensile  stress  and  strain  at  failure 
(52,  53,  54)  for  a  circular  element  subjected  to  short  strip 
loading  are  presented  below.   Stress  components  in  a  circular 
element  are  shown  in  Figure  18 . 

(A) 


ST  = 


2P  ,_.  „  a  . 
— r-  (Sin  2a  -  ~^r) 
•rrah  2R 


where 


ST  = 
P  = 


a  = 

h  = 
a  = 


tensile  strength 

maximum  load  at  failure 

width  of  the  loading  strip 

height  of  the  specimen 

angle  in  radians  subtended  by  one-half  the  width 

of  loading  strip 


For 


a  =  0.5  inch 
2a  =14.291° 

and   a  =  0.1247  radian 

the  equation  (A)  takes  the  following  form. 

ST  =  0.1556  | 
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where 


e   =  tensile  strain  at  failure 


Y 

TF  =  total  horizontal  deformation  at  maximum  load 
I   =  length  over  which  strain  is  estimated 
v  =  estimated  Poisson's  ratio 
For  I   =  0.004,  equation  (C)  takes  the  following  form: 


em  =   TF 
T 


.004 


mix (t,T) 


6.234xl0~4  +  1.8966xl0~3v 


0.2692 


(t,T) 
(t,T) 


+   0.9976v 


(D) 
(E) 


where 


Smix(t,T) 


(t,T) 


(t,T) 


mixture  stiffness  as  a  function  of  time  of  loading 
(t) ,  and  temperature  (T) 

tensile  stress  as  a  function  of  time  of  loading  (t) , 
and  temperature  (T) 

tensile  strain  as  a  function  of  time  of  loading  (t) , 
and  temperature  (T) 


The  basic  loading  frame  is  shown  in  Figure  19.   It  was 
designed  so  that  the  guide  posts  constrained  the  upper  and 
lower  platens  to  remain  parallel  during  testing.   A  general 
view  of  the  test  set-up,  including  the  specimen  and  other 
fixtures  in  the  testing  chamber,  is  shown  in  Figure  20. 
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FIGURE    19 


THE       LOADING       FRAME 
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FIGURE    20        GENERAL      VIEW     OF     TEST       SET      UP 
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EXPERIMENTAL  RESULTS  AND  ANALYSIS 

All  values  of  limiting  strain  (strain  at  failure)  are 

in  microstrain  units  (Mil) .   Microstrain  is  defined  as  1  x 

—  fi 

10    inches  per  inch.   The  values  of  limiting  stiffness  are 

expressed  in  PSI. 

Limiting  strain  and  limiting  stiffness,  referred  to  in 
this  study,  are  as  measured  by  the  tensile  splitting  test 
(see  "Experimental  Work"). 

Reduced  data  for  each  test  specimen  are  contained  in 
Appendix  C. 

Analysis  of  Results  at  Low  to  Medium  Temperatures 

To  examine  the  effect  of  mixture  type  at  low  to  medium 
temperatures,  an  analysis  of  the  data  based  on  test  results 
at  -10°F,  5°F,  20°F  and  35°F  was  performed. 

In  this  analysis  and  those  to  follow,  it  was  assumed 
that  the  data  satisfied  the  usual  assumptions  for  analysis 
of  variance.   Guidelines  of  Anderson  and  McLean  (55)  were 
followed  in  the  analysis  of  the  data. 

Analysis  of  variance  for  test  results  for  limiting  values 
of  strain  and  stiffness  are  shown  in  Tables  10  and  11  res- 
pectively.  From  this  analysis,  it  is  evident  that  temperature, 
mixture  type  and  interaction  of  mixture  type  and  temperature 
are  significant  at  5  percent  level.   It  means  that  the 
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mixtures  are  different  from  each  other  and  also  that  they 
behave  differently  at  different  temperatures. 

In  order  to  examine  the  individual  means  the  Newman 
Keuls  Sequential  Range  Test  was  performed.   The  results  are 
presented  in  Tables  12,  13,  14  and  15.   The  conclusions  from 
NK  test  results  for  limiting  strain  are  as  follows: 

1.  The  combinations  (1,3),  (1,2)  and  (2,1)  are  not 
distinguishable. 

2.  The  combinations  (1,2),  (2,1)  and  (1,4)  are  not 
distinguishable. 

3.  The  combinations  (3,1)  and  (2,2)  are  not 
distinguishable. 

4.  The  combinations  (2,4)  and  (1,3)  are  not 
distinguishable. 

5.  The  combinations  (4,4)  and  (4,1)  are  not 
distinguishable. 

6.  All  other  combinations  are  significantly 
different  from  each  other  at  5  percent  level. 

The  conclusions  from  NK  test  results  for  limiting  stiff- 
ness are  as  follows: 

1.  The  combinations  (1,2),  (2,1)  and  (1,4)  are  not 
distinguishable. 

2.  The  combinations  (1,4)  and  (1,3)  are  not 
distinguishable. 

3.  The  combinations  (2,4)  and  (2,3)  are  not 
distinguishable . 
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Order  of 
Original 
(i,k) 

(4, 

-3) 

(4, 

,2) 

(3, 

,3) 

(4, 

,4) 

(4, 

,1) 

(3, 

,2) 

(3, 

■  4) 

(3, 

1) 

(2, 

2) 

(2, 

3) 

(2, 

4) 

(1, 

3) 

(1, 

,2) 

(2, 

.1) 

(1, 

■  4) 

(1, 

-1) 

TABLE  12 

Ranked  Means  for  Limiting  Strain 
at  Low  to  Medium  Temperatures 


Means 
Ranked 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 


Ranked 
Means 

5144 

3960 

3179 

3028 

2972 

2387 

1752 

1416 

1378 

1055 

764 

688 

567 

559 

530 

385 
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TABLE  14 

Ranked  Means  for  Limiting  Stiffness 
at  Low  to  Medium  Temperatures 


Order  of  Means  Ranked 

Original  Ranked  Means 

(i,k) 

(1.1)  1  1.14 

(1.2)  2  0.78 

(2.1)  3  0.78 
(1,4)                 4  0.68 

(1.3)  5  0.65 

(2.4)  6  0.47 

(2.3)  7  0.38 

(2.2)  8  0.25 

(3.1)  9  0.25 

(3.4)  10  0.16 

(3.2)  11  0.09 

(3.3)  12  0.08 

(4.1)  13  0.07 

(4.4)  14  0.07 

(4.2)  15  0.04 

(4.3)  16  0.03 
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4.  The  combinations  (2,2),  (3,1)  and  (3,4)  are 
not  distinguishable. 

5.  The  combinations  (3,4),  (3,2),  (3,3),  (4,1), 
(4,4),  (4,2)  and  (4,3)  are  not  distinguishable. 

6.  All  other  combinations  are  significantly 
different  from  each  other  at  5  percent  level. 

Regression  Equations 

In  order  to  estimate  limiting  strain  and  limiting  stiff- 
ness as  is  generally  necessary  for  analytical  solutions,  it 
was  considered  desirable  to  generate  regression  equations  to 
provide  these  estimators.   A  review  of  the  model  (see  section 
on  Type  of  Design)  indicates  that  the  restriction  error 
violates  the  assumption  of  only  one  error  for  regression 

analysis.   Thus,  a  test  was  made  to  see  if  6,. ..  is  zero. 

(iD) 

The  details  for  this  test  for  the  data  on  limiting  strain 
and  limiting  stiffness  are  given  in  Tables  16  and  17  respect- 
ively. 

TABLE  16 

Test  for  6,. ..  for  Limiting  Strain 
(ij)  y 

at  Low  to  Medium  Temperatures 

Source        df        MS        F        F(0.25) 
D(i).  8      15576      3.2*       1.39 

DM(i)jk       24       4857 
*Significant  at  25  percent  level 
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TABLE  17 


Test  for  6,. ..  for  Limiting  Stiffness 
(iD) 
at  Low  to  Medium  Temperatures 


Source       df       MS       F       F(0.25) 
D, -v  ■  8    9.62xl0~4    0.24       1.39 


;(i)  jk 


DM,  ..  .,       24    3.93xl0~3 


It  is  clear  from  the  analysis  given  in  Tables  16  and  17 

that  6,. . .  is  not  zero  in  the  case  of  limiting  strain  data. 
(ij)  y 

Thus  no  regression  equation  could  be  generated  for  limiting 
strain  data.   However,  a  plot  of  the  mean  limiting  strain 
values  versus  temperature  is  given  in  Figure  21. 

Calculation  of  regression  coefficients  for  regression 
equation  relating  limiting  stiffness  to  temperature  was  done 
by  Purdue  CDC  6500  using  SPSS  15  REGRESSION.   The  following 
model  was  used: 

SM  =  60  +  81  (T')  +  32  (T')2  +  B3  (T')3  +  e 

where 

"  6 

S   =  estimated  limiting  stiffness  of  mixture  in  1  x  10 

PSI 

T  +  25 
T1  =  — yr —  where  T  is  the  actual  test  temperature 

3.  =  regression  coefficient 

e  =  error  term 
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FIGURE  21     LIMITING  STRAIN  VS.  TEMPERATURE 
FOR  MIXTURES   MI,M2,M3,M4 
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Three  fits  were  made  with  this  model.   A  "cubic"  fit 
uses  all  terms  of  the  model,  a  "quadratic"  fit  uses  80,  3-, 

and  3_,  and  a  "linear"  fit  uses  30  and  3,.   Calculated 

2 
coefficients  and  R  values  for  each  of  these  equations  are 

shown  in  Tables  18,  19,  20  and  21. 

TABLE  18 

Regression  Coefficients  for  "Ml" 
at  Low  to  Medium  Temperatures 

Fit  3Q        B1  32       33       R2  ' 


Linear 

1.495 

-0.374 

0 

0 

0.940 

Quadratic 

1.720 

-0.599 

0.045 

0 

0.970 

Cubic 

0.848 

0.086 

-0.605 

0.806 

0.985 

A  plot  of  the  cubic  fit  for  each  of  these  equations  is 
shown  on  Figure  22. 

Analysis  of  Results  at  Medium  to  High  Temperatures 

To  examine  the  effect  of  mixture  type  at  medium  to  high 
temperatures,  the  analysis  of  the  data  based  on  test  results 
at  35°F,  70°F,  105°F  and  140°F  was  performed. 

Analysis  of  variance  for  test  results  for  limiting 
values  of  strain  and  stiffness  are  shown  in  Tables  22  and  23 
respectively.   From  this  analysis,  it  is  evident  that  tem- 
perature, mixture  type  and  interaction  of  mixture  type  and 
temperature  are  significant  at  5  percent  level.   It  means 
that  the  mixtures  are  distinguishable  from  each  other  and 
their  behavior  is  different  at  different  temperatures. 
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TABLE  19 

Regression  Coefficients  for  "M2" 
at  Low  to  Medium  Temperatures 


Fit 

eo 

pl 

^2 

^3 

R2 

Linear 

0.898 

-0.239 

0 

0 

0.81 

Quadratic 

1.492 

-0.843 

0.121 

0 

0.97 

Cubic 

1.953 

-1.576 

0.450 

-0.1 

344 

0.994 

TABLE  20 

Regression  Coefficients  for  "M3' 
at  Low  to  Medium  Temperatures 


Fit 


6, 


6 


B. 


Linear 

0.821 

-0.215 

0 

0 

0,90 

Quadratic 

1.109 

-0.502 

0.575 

0 

0.95 

Cubic 

0.613 

0.286 

-0.296 

0.472 

0.98 

TABLE 

21 

Regression  Coefficients  for  "M4" 
at  Low  to  Medium  Temperatures 


Fit 


3, 


3- 


0. 


8. 


R 


Linear 

0.881 

-0.215 

0 

0 

0.94 

Quadratic 

1.031 

-0.365 

0.300 

0 

0.96 

Cubic 

0.460 

0.543 

-0.378 

0.054 

0.99 
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In  order  to  examine  the  individual  means  the  Newman 
Keuls  Sequential  Range  Test  was  performed.   The  results  are 
presented  in  Tables  24,  25,  26  and  27.   The  conclusions  from 
NK  test  results  for  limiting  strain  are  as  follows: 

1.  The  combinations  (1,1)  and  (1,4)  are  not 
distinguishable . 

2.  The  combinations  (3,1)  and  (3,4)  are  not 
distinguishable. 

3.  The  combinations  (3,1),  (3,2)  and  (3,4)  are 
not  distinguishable. 

4.  The  combinations  (3,3)  and  (4,1)  are  not 
distinguishable. 

5.  The  combinations  (3,3),  (4,2)  and  (4,4)  are 
not  distinguishable. 

6.  All  other  combinations  are  significantly 
different  from  each  other  at  5  percent  level. 

The  conclusions  from  NK  test  results  for  limiting  stiff- 
ness are  as  follows: 

1.  The  combinations  (2,1),  (2,2),  (2,3)  and  (2,4) 
are  not  distinguishable. 

2.  The  combinations  (2,1),  (2,2),  (2,3),  (3,2), 
(3,4),  (3,1),  (3,3),  (4,2),  (4,4),  (4,1)  and  (4,3)  are  not 
distinguishable. 

3.  All  other  combinations  are  significantly 
different  from  each  other  at  5  percent  level. 
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Order  of 

Original 

(i. 

-k) 

(4, 

,3) 

(4, 

-1) 

(3, 

,3) 

(4, 

.4) 

(4, 

,2) 

(3, 

■  1) 

(3, 

■  4) 

(3, 

2) 

(2, 

3) 

(2, 

4) 

(2, 

■  1) 

(2, 

2) 

(1, 

3) 

Cl, 

2) 

(1, 

4) 

(1, 

.1) 

TABLE  2  4 

Ranked  Means  for  Limiting  Strain 
at  Medium  to  High  Temperatures 


Means  Ranked 

Ranked  Means 


1  8735 

2  8424 

3  8292 

4  7993 

5  7980 

6  7495 

7  7447 

8  7149 

9  6822 

10  6207 

11  6188 

12  5847 

13  5339 

14  3913 

15  3047 

16  2870 
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Order   of 
Original 
(i,k) 

(1, 

.1) 

(1. 

4) 

(1, 

2) 

(1, 

3) 

(2, 

.4) 

(2, 

2) 

(2, 

1) 

(2, 

■  3) 

(3, 

2) 

(3, 

4) 

(3, 

1) 

(3, 

3) 

(4, 

■  2) 

(4, 

.4) 

(4, 

■  1) 

(4, 

3) 

TABLE  2  6 

Ranked  Means  for  Limiting  Stiffness 
at  Medium  to  High  Temperatures 


Means  Ranked 

Ranked  Means 


1  134.94 

2  110.46 

3  61.60 

4  43.59 

5  12.90 

6  9.63 

7  8.52 

8  4.64 

9  3.22 

10  2.78 

11  1.86 

12  1.45 

13  1.34 

14  1.23 

15  0.57 

16  0.46 
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Regression  Equations 

As  before,  using  the  ANOVA  results,  a  test  was  made  to 

see  if  6..  ...  is  zero.   The  details  for  this  test  for  the  data 
(id) 

on  limiting  strain  and  limiting  stiffness  are  given  in 
Tables  28  and  29  respectively. 

TABLE  2  8 

Test  for  6.. .,  for  Limiting  Strain 
at  Medium  to  High  Temperatures 


Source       df       MS       F       F(0.25) 


D,  .,  .  8      55655     1.87*       1.39 

d)D 

DM,  .,  ..       24      29835 
(i)  D^ 


*Significant  at  25  percent  level 

TABLE  2  9 

Test  for  6,. .,  for  Limiting  Stiffness 
(id) 
at  Medium  to  High  Temperatures 

Source        df        MS        F        F(0.25) 


D(i)  .  8       14.24     0.96       1.39 

DM.  .,  ..       2  4       14.7  6 
(i)  Dk 


It  is  clear  from  the  analysis  in  Tables  28  and  29  that 
6..  ..  is  not  zero  in  case  of  limiting  strain  data.   Thus  no 
regression  equation  could  be  generated  for  limiting  strain 
data.   However,  a  plot  of  the  mean  limiting  strain  values 
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versus  temperature  is  given  in  Figure  23. 

Calculation  of  regression  coefficients  for  regression 
equation  relating  limiting  stiffness  to  temperature  was  done 
using  the  following  model: 

SM  =  60  +  B1(T')  +  32(T')2  +  B3(T')3  +  e 

where 

3 

S„  =  estimated  limiting  stiffness  of  mixture  in  1x10   PSI 

T 
1"  =  -^f-  where  T  is  the  actual  test  temperature 

6.  =  regression  coefficient 

e  =  error  term 

Three  fits  were  made  with  this  model.   A  "cubic"  fit 
uses  all  terms  of  the  model,  a  "quadratic"  fit  uses  $_,  3, 

and  &„,    and  a  linear  fit  uses  only  6_  and  3-,.   Calculated 

2 

coefficients  and  R  values  for  each  of  these  equations  are 

shown  in  Tables  30,  31,  32  and  33. 

A  plot  of  the  cubic  fit  for  each  of  these  equations  is 
shown  on  Figure  24. 

Stiffness-Loading  Time  Relationships 

The  low  temperature  cracking  phenomenon  is  a  function  of 
ambient  air  temperature  and  thermal  loading  time.   Loading 
times  in  the  range  of  a  half-hour  to  several  hours  are  con- 
sidered reasonable.   McLeod  (22)  has  suggested  a  loading  time 
of  20,000  seconds  as  the  rate  at  which  the  pavement  is  stressed 
due  to  chilling  to  low  temperature. 
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10 


O  Ml-  Canadian  Asphalt 

A  M2-Partially  Air  Blown  Asphalt 

□  M3-Soft    Asphalt 

O  M4-HF  Emulsion  Residue 


35 


70  105 

Temperature    (°F) 


140 


FIGURE  23     LIMITING  STRAIN  VS.  TEMPERATURE 
FOR  MIXTURES   MI,M2,M3,M4 
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LIMITING  STIFFNESS   VS.  TEMPERATURE 
FOR  MIXTURES   MI/M2,M3,M4 


TABLE  30 

Regression  Coefficients  for  "Ml" 
at  Medium  to  High  Temperatures 
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Fit 


6, 


3- 


6, 


6- 


R 


Linear 

Quadratic 

Cubic 

138.908 

295.32 

495.52 

-40.974       0 
-197.38      31.28 
-515.80     174.28 

0 
0 
-19.06 

0.64 
0.94 
0.99 

TABLE  31 

Regression  Coefficients  for  "M2" 
at  Medium  to  High  Temperatures 


Fit 

60 

61 

62 

B3 

R2 

Linear 

Quadratic 

Cubic 

65.74 
128.37 
200.18 

-18.72 
-81.34 
-195.56 

0 
12. 
63. 

52 
82 

0 

0 

-6. 

84 

0.70 
0.96 
0.99 

TABLE  32 

Regression  Coefficients  for  "M3" 
at  Medium  to  High  Temperatures 


Fit 

eo 

31 

^2 

e3 

R2 

Linear 

Quadratic 

Cubic 

45.68 

93.14 

151.86 

-13.26 
-60.71 

-154.11 

0 

9.49 
51.43 

0 

0 

-5. 

59 

0.67 
0.95 
0.997 

TABLE  3  3 


Regression  Coefficients  for  "M4" 
at  Medium  to  High  Temperatures 


Fit 

eo 

h 

B2 

33 

R2 

Linear 

Quadrat 

Cubic 

ic 

116.29 
236.32 
374.33 

-33.78 

-153.80 

-373.30 

0 
24.00 
122.58 

0 
0 
-13. 

14 

0.68 
0.96 
0.999 
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The  experimental  stiffnesses  at  low  to  medium  tem- 
peratures, in  this  study,  were  measured  up  to  the  loading 
time  of  roughly  70  0  seconds.   In  order  to  extend  the  data  to 
the  loading  time  of  20,000  seconds  at  low  temperatures,  use 
was  made  of  time-temperature  superposition  techniques.   This 
involved  moving  the  experimental  stiffness  curves  along  the 
loading  time  axis  until  each  of  the  experimental  curves 
superimposed  as  one  single  master  curve.   These  master  curves 
for  stiffness  vs.  reduced  loading  time  for  each  mixture  type 
along  with  the  corresponding  shift  factor  (a  )  vs.  temperature 
curve,  shown  as  an  inset,  are  presented  in  Figures  25,  26, 
27  and  28.   These  master  curves  permit  the  stiffness  at  any 
temperature  or  time  of  loading  to  be  determined.   For  the 
loading  time  of  20,000  seconds,  the  stiffness  values  at  -10  F 
are  calculated  and  reported  in  Table  34. 

TABLE  34 

Stiffness  Values  at  -10°F  and  Loading  Time  of  20,000  Seconds 


Mixture  Type    Stiffness  (psi) 


Ml  5.2xl05 

M2  1.9xl05 

M3  9xl04 

M4  2xl05 


In  order  to  eliminate  transverse  pavement  cracking, 
McLeod  (22)  has  suggested  a  limiting  stiffness  value  of 
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2  x  105  psi  at  -10°F  and  20,000  seconds  loading  time.   In 
this  regard,  the  stiffness  values  for  the  mixtures  in  Table 
34  suggest  that  the  mixture  Ml,  containing  Canadian  asphalt, 
would  not  be  able  to  mitigate  transverse  pavement  cracking. 
On  the  other  hand,  the  mixtures  containing  emulsion  residue, 
M4,  partially  air  blown  asphalt,  M2  and  soft  asphalt,  M3 
would  be  resistant  to  low  temperature  transverse  pavement 
cracking  under  these  criteria. 

Effect  of  Testing  Speed 

The  nature  of  bituminous  concrete  is  such  that  as  loads 
are  increased,  the  strain  rate  also  increases.   To  control 
strain  rate  under  this  situation  requires  constant  monitoring 
of  deformation  rate  and  adjustment  of  stroke  rate  to  com- 
pensate for  this  increase.   This  compensation  can  be  performed 
manually  only  if  reduced  strain  data  are  produced  as  real 
time  output  during  the  test.   This  problem  can  be  conveniently 
handled  by  electronically  comparing  the  output  signal  of  the 
displacement  transducer  with  programmed  external  references; 
adjustment  signals  from  this  process  controller  then  become 
the  feedback  for  the  existing  function  generator  of  the  test 
system.   Units  that  perform  these  functions  are  recently 
commercially  available,  but  the  estimated  costs  of  the  equip- 
ment for  this  control  were  too  high  to  consider  their 
acquisition  as  part  of  this  study.   Thus,  rather  than 
controlling  the  strain  rate,  the  crosshead  speed  was  main- 
tained constant  during  the  test. 
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As  mentioned  before  (see  "Experimental  Work")  the 
testing  for  the  first  phase  of  the  experiment  was  conducted 
at  testing  speed  of  50  MI  per  second  and  that  for  the  second 
phase  at  1000  MI  per  second.   These  crosshead  speeds  were 
chosen  primarily  on  the  basis  of  practical  considerations  for 
testing  time.   At  the  temperature  of  35  F,  the  mixtures  were 
tested  at  both  crosshead  speeds  to  evaluate  the  effect,  if 
any,  on  the  tensile  characteristics. 

Figures  2  9  and  30  show  the  comparison  of  limiting  values 
of  strain  and  stiffness  for  low  and  high  testing  speeds.   As 
is  evident  from  these  Figures,  there  is  no  appreciable 
difference  in  limiting  strain  values  but  a  noticeable  differ- 
ence is  exhibited  for  the  limiting  stiffness  values  for  a 
given  mixture.   Since  stiffness  is  a  ratio  of  stress  to  strain 
for  the  given  conditions  of  time  and  temperature,  it  means 
that  the  tensile  characteristic  more  predominantly  affected 
by  the  change  of  crosshead  speed  is  the  stress  at  failure. 
Higher  the  testing  speed,  higher  is  the  resistance  offered 
by  the  mixture  which  culminates  in  higher  value  of  strength. 
Although  all  the  four  types  of  mixtures  seem  to  be  susceptible 
to  the  testing  speed,  the  one  with  Canadian  asphalt  as  the 
binder  seems  to  be  affected  the  most.   This  may  be  due  to  the 
reason  that  the  Canadian  asphalt  is  the  most  temperature  sus- 
ceptible and  the  most  viscous  at  35°F  (see  Figure  3)  out  of 
all  the  binders. 
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Stiffness  Comparison 
The  mixture  stiffness  value  was  calculated  as  follows: 

Smix(t,T)=   (t,T) 


E(t,T) 


where 

S  .  #J_  m.  =  mixture  stiffness  as  a  function  of  time  of 
mix(t,T) 

loading  (t) ,  and  temperature  (T) 
a.    .  =  tensile  stress  as  a  function  of  time  of 

\  1 1  T) 

loading  (t) ,  and  temperature  (T) 
e      =  tensile  strain  as  a  function  of  time  of 
loading  (t) ,  and  temperature  (T) 

These  values  were  compared  with  theoretical  stiffness 
which  is  calculated  as  follows: 

n 


S  . 
mix 

Sbit 


1  + 2-5 


n  l-c 

v  -* 


where 


S,  . .  =  bitumen  stiffness  which  is  obtained  from  McLeod's 
bit 

nomograph  and  is  a  function  of  time  of  loading, 
temperature  and  Pen-Vis  number  of  the  bitumen 
n  =  0.83   log,n   4x(10) 5 

bbit 

C   =  volume  concentration  of  aggregate  and  is 

defined  as 

Volume  of  Compacted  Aggregate 
Volume  of  (Aggregate  +  Asphalt) 
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The  equation  was  originally  developed  for  well-compacted 

mixtures  with  about  3%  air  voids  and  C  values  between  about 

v 

0.7  and  0.9.   For  mixtures  with  air  voids  greater  than  3%, 
a  "corrected"  C   value,  developed  by  Van  Draat  and  Somer  (28) 
should  be  substituted.   Volume  concentration  of  aggregates 
for  this  study  is  approximately  0.81. 

Results  of  comparison  are  shown  in  Table  35.   Comparison 
of  theoretical  and  calculated  values  are  reasonably  good 
considering  that  bitumen  stiffness  nomograph  to  be  accurate 
within  a  factor  of  2. 

Acoustic  Emission  Technique  for  Crack  Detection 

The  objective  of  using  acoustic  emission  technique  was 
to  detect  cracking  and  thus  to  better  define  the  failure 
point  in  bituminous  mixtures.   The  cumulative  count  rate 
curve  was  used  to  define  more  precisely  the  limiting  load  and 
deformation  values  at  which  failure  occurred.   Figure  31  shows 
total  counts  and  load  as  a  function  of  time  for  a  test  at 
-10  F.   Cumulative  counts  (and  hence  count  rate)  begin  to 
increase  at  about  80  percent  of  ultimate  strength  and  later, 
at  about  95  percent  of  ultimate  strength  there  is  a  dramatic 
increase  in  cumulative  counts  and  count  rate. 

In  general,  at  temperatures  below  normal  room  temperature, 
the  same  trend  and  the  same  type  of  output  appeared  for  almost 
all  test  specimens.   At  temperatures  above  room  temperature, 
count  sensitivity  was  quickly  lost  and  output  was  totally  due 
to  background  noise.   When  output  gain  was  increased  to  full 
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TABLE  35 


Comparison  of  Measured  (S  )  and 
Theoretical  (S  )  Mixture  Stiffness 


Mix  Temp    (    F)  Avg 

Ml 
ii 

■I 

■I 


M2 
ii 

H 

■I 

M3 

ii 
■I 

■I 
■I 

M4 
n 

ii 

ii 

n 


Temp  (°F) 

-10 

5 

20 

35 

70 

105 

140 

-10 

5 

20 

35 

70 

105 

140 

-10 

5 

20 

35 

70 

105 

140 

-10 

5 

20 

35 

70 

105 

140 

• 

VST 

0. 

81 

1. 

73 

1. 

67 

1. 

85 

1. 

74 

1. 

96 

2. 

28 

1. 

73 

1. 

79 

1. 

70 

1. 

71 

0. 

65 

0. 

,54 

1. 

,34 

1. 

,44 

1. 

,36 

1. 

,60 

1. 

70 

1. 

,53 

1. 

,45 

1. 

,50 

1. 

,51 

1. 

,62 

2. 

,00 

1. 

,90 

1. 

,43 

1. 

,39 

1. 

,76 
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equipment  capacity  and  sensitivity  increased  to  provide 
fewer  counts  per  unit  scale,  recorder  flutter  was  so  great 
that  output  became  meaningless.   It  is  possible  that  either 
of  the  following  or  some  combination  may  be  occurring:   Frac- 
ture may  be  taking  place  in  the  aggregate  and  perhaps  even 
to  some  degree  in  the  asphalt  binder,  but  at  these  elevated 
temperatures  the  binder  is  less  brittle  than  at  low  tempera- 
tures and  due  to  its  high  damping  factor  the  transmitted 
wave  is  of  so  low  a  strength  that  it  can  not  activate  the 
transducer. 

Since  failure  mechanisms  are  not  within  the  scope  of 
this  study,  no  further  experiments  were  conducted  to  in- 
vestigate reasons  for  loss  of  signal  output  at  temperatures 
above  normal  room  temperature. 
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SUMMARY  OF  RESULTS  AND  CONCLUSIONS 

These  conclusions  are  based  on  the  results  obtained  in 
this  laboratory  study  and  their  discussion  as  presented.   It 
should  be  noted  that  they  are  applicable  to  the  materials  and 
testing  procedures  of  this  specific  study  and  may  not  be  ex- 
tended beyond  these  limits  without  appropriate  verification. 

Limiting  strain  and  limiting  stiffness  values  of  bitum- 
inous concretes  in  indirect  tension  were  measured  and  reported, 
Regression  equations  that  relate  limiting  stiffness  values 
to  temperature  were  developed.   Parameters  in  the  experiment 
included  a  single  aggregate  of  100  percent  crushed  limestone 
at  one  gradation,  four  binder  types,  eight  temperatures  and 
variable  testing  speed.   Based  on  these  tests,  the  following 
results  and  conclusions  are  presented. 

Temperature  is,  by  far,  the  most  significant  factor  of 
the  parameters  studied  affecting  the  failure  strain  and 
stiffness.   A  small  increase  in  temperature  increases  the 
limiting  strain  and  decreases  the  limiting  stiffness  much 
more  than  a  similar  change  in  any  other  parameter. 

Testing  speed,  as  should  be  expected  for  a  viscoelastic 
material,  has  an  effect  on  a  mixture's  limiting  stiffness. 
Based  on  tests  at  35  F,  there  was  no  appreciable  difference 
in  the  limiting  strain  value  of  a  given  mixture  with  a 
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change  in  testing  speed,  but  the  limiting  stiffness,  on 
the  contrary,  was  affected  by  a  change  in  testing  speed. 
Since  stiffness  is  a  ratio  of  stress  to  strain  for  given 
conditions  of  time  and  temperature,  it  follows  that  the 
tensile  characteristic  predominantly  affected  by  a  change 
of  testing  speed  is  the  stress  at  failure. 

This  study  utilized  three  binders  with  nominal  pene- 
tration grade  of  85-100  and  a  soft  binder  with  nominal  pene- 
tration grade  of  200-250.   The  three  85-100  penetration  grade 
binders  included  a  highly  temperature  susceptible  asphalt, 
high  float  emulsion  residue  and  a  partially  air  blown  asphalt, 
It  has  been  contended  for  some  time  that,  softer  penetration 
grades  of  asphalt  should  be  used  for  pavements  in  regions 
that  experience  lower  ambient  temperatures,  presumably  to 
eliminate  or  to  at  least  mitigate  brittle  cracking,  and  that 
harder  grades  should  be  used  in  regions  of  higher  ambient 
temperatures  to  provide  increased  stability  and  less  defor- 
mation from  wheel  loads. 

Within  this  context,  findings  of  this  study  indicate 
that  even  though  soft  asphalt  at  low  temperatures  provides 
for  higher  limiting  strain  and  lower  limiting  stiffness 
values  for  the  mixtures,  it  results  in  lower  values  of 
limiting  stiffness  at  high  temperatures.   See  Figures  32 
and  33.   For  mixtures  made  with  the  three  asphalts  of  the 
same  penetration  grade,  the  use  of  the  most  temperature 
susceptible  binder  resulted  in  mixtures  with  the  lowest 
limiting  strain  and  the  highest  limiting  stiffness  at  low 
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temperatures  and  with  the  lowest  limiting  stiffness  at 
high  temperatures,  but  the  use  of  the  same  binder  in  emulsi- 
fied form  resulted  in  a  reverse  picture  of  performance. 
The  use  of  the  partially  air  blown  asphalt  produced  results 
similar  to  those  of  the  high  float  emulsion  residue.   Also, 
for  long  thermal  loading  times,  the  mixtures  containing 
emulsion  residue  and  partially  air  blown  asphalt  had  con- 
siderably lower  stiffness  values  than  the  mixture  containing 
the  temperature  susceptible  Canadian  asphalt.   Thus  it  is 
concluded  that  emulsif ication  and  air  blowing  can  definitely 
reduce  the  temperature  susceptibility  of  the  binder  and 
provide  for  mixtures  that  will  perform  well  at  low  as  well 
as  at  high  ambient  temperatures. 

At  low  temperatures,  the  differences  in  strain  at  failure 
for  the  various  mixtures  were  more  pronounced  than  the  differ- 
ences in  tensile  strength.   At  high  temperatures,  however, 
the  reverse  was  true.   Consequently,  the  parameter  of  stiff- 
ness at  failure,  combining  the  responses  of  tensile  strength 
and  failure  strain,  is  considered  a  better  indicator  of  the 
behavior  of  mixtures  at  both  ends  of  the  temperature  scale 
than  either  tensile  strength  or  limiting  strain. 

Stiffness  values  that  relate  stress  to  strain  for  a 
given  binder,  temperature,  loading  time  and  aggregate  volume 
as  determined  by  McLeod's  nomograph  were  reasonably  well 
verified. 

Finally,  based  on  the  experiments  conducted  on  bituminous 
concrete,  it  is  concluded  that  acoustic  emission  techniques 
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are  useful  in  detecting  and  registering  crack  initiation 
in  brittle  particulate  materials  and  thus  aid  in  better 
definition  of  the  failure  point. 

The  principal  conclusions  of  this  study  can  be 
summarized  as  follows: 

1.  The  tensile  characteristics  of  bituminous 
mixtures  are  strongly  influenced  by  the  characteristics  of 
the  binder. 

2.  Both  the  low  and  high  temperature  character- 
istics of  a  bituminous  binder  can  be  modified  by  the  emul- 
sification  process  as  well  as  by  the  air  blowing  process. 

3.  The  tensile  behavior  of  a  bituminous  mixture 
is  better  characterized  by  the  parameter  of  stiffness  than 
by  either  of  the  stress  or  strain  parameters  themselves. 

4.  Temperature  is  the  most  significant  factor 
of  the  parameters  studied  affecting  the  tensile  character- 
istics of  the  bituminous  mixtures. 

5.  The  testing  speed  has  a  more  pronounced  effect 
on  values  of  limiting  stress  than  on  values  of  limiting 
strain. 

6.  Acoustic  emission  techniques  are  useful  in 
better  defining  the  failure  point  of  bituminous  mixtures 
tested  at  temperatures  below  room  temperature. 
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RECOMMENDATIONS  FOR  FURTHER  RESEARCH 

In  practice  there  is  a  strong  correlation  between  mix 
stiffness  and  the  stiffness  of  the  asphalt  the  mixture 
contains  and  consequently  pavement  cracking  can  be  related 
directly  to  asphalt  stiffness  at  low  temperatures.   This 
study  indicates  that  viscosity  is  an  important  property  of 
the  binder  contributing  to  the  stiffness  of  the  mixture. 
However,  since  viscosity  is  shear  rate  dependent  and  stiffness 
of  the  mixture  is  time  dependent,  a  quantitative  prediction 
of  the  stiffness  value  from  a  given  value  of  viscosity  is 
difficult.   Consequently,  the  development  of  asphalt  speci- 
fications designed  to  reduce  or  eliminate  low  temperature 
pavement  cracking  can  best  be  carried  out  on  the  basis  of 
low  temperature  asphalt  stiffness.   Moreover,  the  stiffness 
is  expressed  in  simple  engineering  units  (psi) ,  and  can  be 
incorporated  directly  into  many  design  calculations.   The 
most  accurate  evaluation  of  low  temperature  asphalt  stiff- 
ness requires  that  it  be  measured  directly,  rather  than 
predicted  from  other  asphalt  test  data.   The  shell  modified 
sliding-plate  rheometer  (56)  seems  to  be  a  promising  instru- 
ment to  measure  asphalt  stiffness  at  the  required  low 
temperatures.   Thus,  it  appears  that  asphalts  can  be  character- 
ized in  a  more  meaningful  way  by  a  measure  of  stiffness 
than  by  viscosity. 
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Other  modifications,  besides  air  blowing  and  emulsi- 
fications,  may  also  be  studied.   The  use  of  sulfur-asphalt 
emulsion  to  improve  the  properties  of  asphalt  and  asphaltic 
mixtures  has  recently  been  demonstrated  (57).   Economic 
benefit  using  sulfur-asphalt  materials  may  also  be  expected 
because,  although  the  total  volume  of  the  material  will  not 
be  reduced,  less  asphalt  will  be  required.   The  addition  of 
carbon-oil  pellets  called  microfillers  (58)  in  the  asphalt  is 
believed  to  decrease  its  temperature  susceptibility  and 
improve  its  impact  strength  and  the  studded  wheel  abrasion 
resistance  of  asphalt  pavement  mixtures.   With  regard  to  modi- 
fication by  the  use  of  filled  asphalts,  Gussasphalt  and 
Natural  asphalt  mastic  (Trinidad  asphalt  blended  with  petro- 
leum asphalt)  may  be  considered.   It  is  believed  that  mastic 
concrete  has  high  resistance  to  tractive  forces  which  may 
cause  tensile  cracks  in  thin  layers. 

This  study  was  limited  to  a  single  gradation  of  100  per- 
cent crushed  limestone  of  a  single  source.   Other  studies 
should  include:   coarse  and  fine  gradations  to  study  their 
role  in  the  tensile  characteristics  of  bituminous  mixtures; 
pit  run  sand  and  gravel  to  find  the  effect  of  rounded  rather 
than  crushed  particles;  and  other  crushed  materials  that  are 
noncarbonate  to  determine  if  mineralogical  characteristics 
nave  an  effect. 

The  effect  of  variations  in  binder  content  and  degree 
of  compaction  should  be  investigated  in  order  to  determine 
as  to  what  tolerances  can  be  accommodated  in  the  field. 


Ill 


The  limiting  strain  as  affected  by  the  age  hardening  of 
binders  should  be  studied  to  see  if  it  could  be  an  index  of 
durability. 
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PROCEDURE  FOR  CONVERTING  PENETRATION  TO  VISCOSITY 

The  four  basic  equations  (40)  used  to  arrive  at  the  rate 

of  shear,  shearing  stress  and  viscosity  are  the  following: 

P  =  K2t1/n+1  (1) 

x  =   -  ,•  x  3.12  x  10   dynes/cm  (2) 

(n-l)P         1  -1  ,_. 

Y  =  rnrrrn:   r- ^~r^   see  (3) 


where 


5(n±Dt   [i.ja/bjn-l-] 


,         Mt(n+1) 
and     n  "  P(P-K') (n-1) 


l-Ca/b)11"1 


1.56x10   poises    (4) 


K_  =  a  constant 
P  =  depth  of  penetration  in  decimillimeters 
t  =  time  of  penetration  in  seconds 
n  =  the  exponent  of  the  power  function  for  the 

general  speed  law 

2 
t  =  shearing  stress  in  dynes/cm 

M  =  mass  of  the  needle  and  spindle  assembly  in  grams 

K1  =  length  correction  which  is  P (0. 849-0 . 00788P)  - 

0.0562  dmm  for  penetrations  less  than  54  dmm  and 

is  23  dmm  for  penetrations  greater  than  54  dmm 

-1 
Y  =  rate  of  shear  sec 

a  =  radius  of  needle  (0.05  cm  for  A.S.T.M.  needle) 
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b  =  inner  radius  of  cup  (2.75  cm  for  A.S.T.M.  cup) 
and     n  =  viscosity  in  poises 

Procedure 

1.  The  test  sample,  in  the  conventional  tin,  was 
conditioned  to  the  desired  test  temperature. 

2.  The  penetrations  of  the  needle  were  noted  for 
three  successive  time  intervals. 

3.  The  value  of  exponent  ' n'  was  calculated  from 
equation  (1) . 

4.  Knowing  all  other  quantities  in  equations  (2) , 
(3)  and  (4),  the  values  of  shearing  stress,  rate  of  shear  and 
the  corresponding  viscosity  were  calculated. 

5.  Values  of  viscosity  and  corresponding  rate  of 
shear  were  plotted  as  shown  in  Figures  6  and  7. 

Sample  of  Calculations 

A.  Data: 

M  =  2  00  grams    Test  temperature  =  39.2  F 
P,  =  14  dmm;   t,  =  5  sec;   K^  =  10.28  dmm 

P2  =  24  dmm;   t„  =  30  sec;  K',  =  15.78  dmm 

P   =  29  dmm;   t.,  =  60  sec;  K'   =»  17.93  dmm 

B.  Calculations: 

Solving  equation  (1)  for  values  of  P,,  t,  and  P~,  t.,  we 
get 

n  =  2.484 
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and  solving  equations  (2),  (3)  and  (4)  for  the  other  given 
data,  we  get 

Tl  =  14-10  28  x  3'12  x  1()5  =  1'679  x  1q1   dynes/cm2 

T2  =  24-15  78  x  3*12  X  lo5  =  75-92  x  1q5  dynes/cm2 

T3  =  29-17  93  X  3*12  X  1()5  =  5*64  X  1q6   dynes/cm2 
•   =  (2.484-1)14  _ 7 — n^  n  AOA^     »  0.239  sec" 


-i-  s^mSrCi-feffi1-"'] 


(2.484-1)24  ^ 7 n*x  i  .o^  =  0.068  sec" 


'2  =   5'(3. 484)30  [l  -(^|J  X'484] 


•   =  (2  484-1)29   *  =  0.041  sec"1 

Y3     5(3.484)60  [l  "(^tIJ  l'484] 

Thus, 

7 
n-i  =  7.02  x  10   poises 

H2  =  1.11  x  10   poises 

g 

and  n-,  =  1.37  x  10   poises 


APPENDIX  B 
BALL  PENETRATION  TEST  FOR  VISCOSITY  MEASUREMENT 


120 


BALL  PENETRATION  TEST  FOR  VISCOSITY  MEASUREMENT 

The  method  consists  of  measuring  the  viscosity  with  the 
aid  of  spherical  imprint  of  a  ball  under  a  dead  load.   The 
formula  giving  the  viscosity  is  as  follows: 

9PRT  (1) 


n  = 


u  3 
16a 


where 

2 

n  =  viscosity  in  lb.  sec/in 

P  =  compressive  load 
R  =  radius  of  the  sphere 
T  =  time  in  seconds 
a  =  radius  of  imprint 

The  device  illustrated  in  Figures  Bl  and  B2  was  designed 
to  measure  the  surface  penetration  of  a  smooth  rigid  steel 
sphere  (1/4  inch  in  diameter)  resting  on  a  sample  of  the 
viscoelastic  material.   The  advantages  of  such  a  device  are: 
simplicity,  low  cost  of  manufacture,  versatility  for  viscosity 
measurement  at  low  temperatures,  and  portability  of  the  device, 

Experimental  Procedure 

1.  The  test  sample,  in  the  conventional  penetration 
tin,  was  conditioned  to  the  desired  test  temperature. 

2.  A  smooth  ball  of  1/4  inch  diameter  was  also 
conditioned  to  the  test  temperature.   The  device  was  placed 
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FIGURE     B1 


A     VIEW    OF    BALL     PENETRATION 
TEST 
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in  the  testing  chamber  and  the  ball  was  then  made  to  rest 
on  the  surface  of  the  material. 

3.  A  dead  weight  of  2  Kg.  was  selected  for  the 
test.   This  weight  was  chosen  by  applying  various  weights  on 
the  device,  observing  the  rate  of  penetration  of  the  sphere, 
and  selecting  a  rate  that  would  allow  transient  measurements 
with  as  little  error  as  possible. 

4.  The  load  was  applied  and  the  penetration  of  the 
ball  was  recorded  after  an  interval  of  15  minutes.   This  time 
interval  was  chosen  so  as  to  allow  sufficient  penetration  of 
the  ball. 

5.  Knowing  the  ball  penetration,  the  viscosity  of 
the  material  can  be  calculated  by  using  the  equation  1. 

Sample  of  Calculations 

A.   Data: 

Test  temperature  =  -10  F 

Size  of  sphere  =  1/4  inch  in  diameter 

Load  =  2  Kg.  =  4.4  lbs. 

Sample  =  Soft  asphalt  with  penetration  of  231  at  77  F 

Time  of  test  =  900  seconds 

-4 
Penetration  =  538.5x10    inch 


B.   Calculations: 


For  a  spherical  segment 
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2TrRb  =  l/4ir(4b2  +  c2) 


or    8  Rb  =  4  b2  +  c2 

8(0.125)  (538.5x10 
or    c  =  0.2055 


-4, 


=  4(.05385)2  +  c2 


or    j   =  a  =  0.1028 


Hence, 


9(4.4)  (0.125)  (900)         . n5   lb. sec 


16(0.1028) 


in 


or    2.56xl05(6.895xl04)  =  1.76xl010  poises 
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